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Abstract 

Nature provides us with amazingly complex and clever systems, structures and substances that make 

up the world we see around us. We can refer to nature, borrowing its ingenious solutions to solve 

engineering challenges or improve existing man-made materials. The process of assimilating real-

world biological examples into technology is called “bio-inspiration,” and for many years scientists 

have been attempting to imitate the design of natural materials. This project seeks to mimic some of 

the complex architectures with outstanding properties found in nature: the shells of molluscs, with 

extraordinary toughness due to a highly hierarchical structure of platelets on the micro- and nano-

scale, and human bone, with its ability to self-heal and regenerate its complex composite 

organic/inorganic microstructure after fracture. In this work it will therefore be investigated the 

effect of composite polymer/ceramic structures obtained via a manufacturing technique called 

freeze-casting, it is observed and optimised the role of the thin interface in self-healing 

organic/inorganic composites and the composition of the soft supramolecular phase and the 

inorganic phase is varied in order to obtain structures with properties closer to the behaviour of 

natural ones. The study couples interface and composite design with mechanical tests to determine 

interfacial adhesion in order to understand the factors that control the strength of the composite 

and the effectiveness and timescale of its self-healing. The same self-healing polymer is moreover 

used in the production of an innovative light composite exhibiting electrical conductivity and 

compression and flexion sensing capabilities in the attempt to mimic the outstanding properties of 

skin.  
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flow through R2, providing an inaccurate measurement of the voltage (left – 2-point probe). 

This can be resolved by using a different configuration (right – 4-point probe). Having the 

voltage probes going through the sample forces the current to pass through the whole Rsample 

and allows for an accurate reading of the voltage. .................................................................... 123!

Figure 45: Setup of the electrical circuit and sample holder for 4-point probe measurement of the 

conductivity of the samples. ...................................................................................................... 124!
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Figure 46: Freeze-casted graphene oxide networks before (left) and after (right) reduction. In the 

picture is possible to notice the lamellar pattern obtained by freeze-casting and the effect of 

shrinkage of the green body after reduction. ............................................................................ 130!

Figure 47: SEM micrographs showing the top and the side architecture of rGO networks obtained 

via freeze-casting method (lamellar organization). The freezing direction is parallel to the 

lamellar orientation in the side image. ..................................................................................... 131!

Figure 48: TEM images of graphene flakes in foam walls. The pictures show tortuosity of the flakes 

and entanglement occurring in the walls. Pictures concession of Dr Na Ni. .......................... 131!

Figure 49: Raman spectra of freeze-dried graphene oxide flakes and GO foams reduced at 900 °C. 

Data collected by Dr Victoria Garcia Rocha. ........................................................................... 132!

Figure 50: XRD analysis of GO foam and GO foam after reduction. Data collected by Dr Na Ni. 133!

Figure 51: Route for production of self-healing graphene composites starting from reduced graphene 

oxide porous lamellar structures. From left to right: a lamellar graphene network obtained by 

freeze-casting is infiltrated via vacuum caster with a solution of PDMS and crosslinker. 

Through activation of Boron Oxide nanoparticles by heating the samples at 200°C in situ 

crosslinking occurs. On the right, representation of the final self-healing composite produced.

 ................................................................................................................................................... 135!

Figure 52: Typical rheology curves obtained via measurements in swiping frequency mode, analysing 

the behaviour of the materials in terms of storage modulus (G’) and loss modulus (G”). a) 

Behaviour of PBS showing a shear-thickening response to mechanical stimulation with a 

crossover frequency of 2.5 rad/s. b) Comparison of rheological behaviours of nanocomposite 

(in blue) and polymer with dispersed graphene flakes (PDG) (0.5wt.% rGO content for both, 

LMw polymer used), showing a shear-thickening behaviour for the PDG (in green), and a 

prevalently solid-like behaviour for the composite. .................................................................. 137!

Figure 53: Optical images of rheological behaviour of PBS (in white) and composite prepared via 

foam infiltration with 0.5 wt.% rGO. Images have been taken as the initial samples were 

shaped to have approximately the same dimensions of 1 cm3, and after 24 h showing the PBS 

spread over the surface and the composite with a completely retained shape. ........................ 138!
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Figure 54: Rheological behaviour of lamellar composite samples tested in frequency swipe and 

amplitude swipe in the direction of torque perpendicular to the lamellar orientation and 

parallel to it.  ............................................................................................................................. 139!

Figure 55: Tensile tests carried out on composite samples with 0.5wt.% rGO and LMw PBS. 

Constant displacement rate of 50 mm min-1. In the graph on top of the curves the maximum 

tensile strength is reported with the associated standard deviation. Insets show the fractured 

surfaces of the sample with pulling force parallel to the graphene lamellae (left) and 

perpendicular to them (right). The table reports the associated conductivity values reported for 

the composites in the direction perpendicular to the lamellae and parallel to them. ............. 140!

Figure 56: Typical cyclic compression tests of three samples PBS infiltrated 0.5 wt.% rGO. Tests 

carried out for each sample in 5 cycles. Each sample was analysed until reaching a different 

maximum strain: 10, 15 and 20%. Inset showing a cubic sample for compression in flat-plates 

compression rig. Test was effectuated at set displacement rate of 10 mm/min. ..................... 141!

Figure 57: Compression tests carried out at different strain rates on cubic samples of 3.37 cm3. The 

strain rates analysed are reported in the legend. ...................................................................... 142!

Figure 58: Young’s Modulus results derived from the slope of the stress/strain curves obtained by 

compression of the materials at different rates (from 1 to 200 mm/min) with a composite with 

0.5wt.% rGO and LMw polymer. ............................................................................................. 143!

Figure 59: Typical tensile stress vs. strain behaviour of low Mw PBS infiltrated 0.5 wt.% rGO dog-

bone shaped composites at different rates (10, 20 and 50 mm/min). ..................................... 144!

Figure 60: Maximum tensile strength results with standard deviation calculated over 5 samples, of 

composites tested at three different rates: 10, 20 and 100 mm/min. The pictures inset show 

the type of fracture that the samples exhibited during the test. ............................................... 144!

Figure 61: Typical stress vs. strain behaviour in tension of Low Mw infiltrated (blue) and High Mw 

infiltrated (red) rGO foams. Table inset reports the values for maximum strength, the 

corresponding strain and the work of fracture of both of the materials with associated standard 

deviation from 5 measurements. Displacement rate 50 mm/min. .......................................... 145!

Figure 62: Stress relaxation test curves carried out in compression for polymer alone and composites 

up to 5% and 10% strain. Initial displacement rate 50 mm/min. .......................................... 146!
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Figure 63: Electrical conductivities measured in 4-point probe configuration for both low density 

foams and high density foams. The results are compared to the samples infiltrated with both 

Low Mw PBS and High Mw PBS in order to evaluate the differences. ................................... 147!

Figure 64: Optical images of self-healing properties of HMw sample (on the top) and LMw sample 

(on the bottom). Samples are initially scratched with different depths and widths. The final 

healed samples are imaged after 24h. ....................................................................................... 148!

Figure 65: Typical tensile stress vs. strain curves for a single composite graphene PBS sample healed 

multiple times and allowed to heal for different set amount of times, namely 5min, 10min and 

1day. ........................................................................................................................................... 149!

Figure 66: Dust Healing experiment in tension. Stress vs strain curves of a) LMw PBS 0.5wt.% rGO 

sample initial strength and strength after exposure to dust for 1 day and a) LMw PBS 0.5wt.% 

rGO sample under the same conditions. After dust exposure, the samples were left healing for 

1 day. ......................................................................................................................................... 150!

Figure 67: Recovery of electrical conductivity as a function of time for LMw samples (starting 

conductivity of 55 Sm-1) and HMw samples (starting conductivity 64 Sm-1) with a 0.5 wt.% 

rGO. Constant monitoring of the variation of conductivity shows quick recovery in terms of 

minutes for LMw polymer, and almost complete electrical healing is obtained in a few minutes.

 ................................................................................................................................................... 151!

Figure 68: Photographic sequence showing the virgin sample being conductive, cut in half and put 

back together. The healing with time (of about 5 minutes) brings the LED back to the initial 

intensity and  mechanical healing. ............................................................................................ 152!

Figure 69: Tensile test carried out for dog-bone shaped composite with constantly monitored 

resistance change in 2 point probe. Test was undertaken in order to evaluate the point of 

fracture of the rGO network itself and shows point of fracture correspondent to the point of 

fracture of the whole composite, proving high stretchability of the network. ......................... 153!

Figure 70: Pressure vs. time graph for cyclic compression test coupled with voltage variation of the 

sample under compression monitored in 4-point probe configuration. Displacement rate 10 

mm min-1. Maximum strain reached 20%. Cilyndric sample prepared with LMw polymer, a 
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graphene content of 0.5 wt.% and cross-sectional area of 72 mm2. Electrode distance 1.5 mm, 

sample length 7.5 mm. Current 0.2 A. ..................................................................................... 154!

Figure 71: Pressure vs. time graph for cyclic compression test (9 cycles at 200 kPa) coupled with 

voltage variation of the sample under compression monitored in 4-point probe configuration. 

Cubic sample prepared with LMw polymer, a graphene content of 0.5 wt.% and cross-sectional 

area of 60 mm2. Electrode distance 1.3 mm, sample length 7.9 mm. Displacement rate 20 mm 

min-1. Current 0.02 A. ............................................................................................................... 155!

Figure 72: Variation of voltage difference recorded in compression test with pressure increase and 

for different currents. The voltage difference is taken as the maximum voltage recorded minus 

the baseline for 6 cycles each point. The measurements were taken at two different set currents 

to observe the influence on the linearity of ΔV with pressure. Electrode distance 1.3 mm, 

sample lengths 7 ± 1 mm. ......................................................................................................... 155!

Figure 73: 500 micron-thick composite self-healing and conductive rGO-PBS film self standing (a) 

and during flexion (b). .............................................................................................................. 156!

Figure 74: 4-point probe settings used to evaluate the conductivity of the composite films. .......... 157!

Figure 75: Composite film flexion test. Monitoring of resistance variation with bending angle. The 

graph shows both flexion (in blue) and relaxation (in red) of the film. The resistance change is 

measured relatively to the maximum value recorded of 60 Ω. ................................................. 158!

Figure 76: Comparison of empty rGO foam and composite. a) Stress vs strain curve of compression 

testing cyclic loading for empty rGO foam (4.5mg/cm3-courtesy of Dr Na Ni) tested at strain 

rates of 0.001s-1. b) Stress vs strain curve of compression testing cyclic loading for a composite 

(0.5wt.% rGO and LMw PBS) tested at 50mm/min displacement rate. The test was repeated in 

loading and unloading for 2 cycles. .......................................................................................... 160!

Figure 77: Calculation of energy absorption loss with number of cycle performed in compressive 

stress. Test performed at three different displacement rates up to 10% strain. ....................... 161!

Figure 78: SEM image of the wettability of graphene with PBS. A graphene wall sticks out of the 

PBS matrix showing good wetting of the flake by the polymer. ............................................... 162!
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Figure 79: SEM fracture interface of PBS rGO foam composites. A graphene wall sticks out of the 

PBS matrix showing good wetting of the flake by the polymer and the availability after fracture 

of exposed graphene flakes for the recovery of electrical conductivity. .................................... 163!

Figure 80: SEM micrograph of fracture interface of composite LMw PBS 0.5 wt.% rGO. Black arrow 

shows the freezing front and white arrows show broken graphene flakes coming out of the PBS 

matrix. ........................................................................................................................................ 163!

Figure 81: Schematic showing the proposed mechanism for healing in the PBS rGO composites. 

The fracture of the sample leaves the graphene flakes exposed and capillary forces bring the 

flakes back into contact to restore both conductivity and mechanical stability. ...................... 164!

Figure 82: Effect of self-healing capabilities after multiple fractures/healing cycles of LMw PBS/rGO 

composites. Typical stress vs strain curve of a sample before testing and after being fractured 

and re-healed six times. ............................................................................................................. 165!

Figure 83: Two commercial adverts of the 1950s created for the marketing of the Silly Putty 

product. ..................................................................................................................................... 171!

Figure 84: Polyborosiloxane's structure and dynamic dative bonding interactions in the chain. Those 

cross-linking bonds create a supramolecular aggregate. ............................................................ 172!

Figure 85: Optical micrographs of polymer/glass interfaces (cross sections) obtained via spin coating 

(a) and bar coating (b) techniques. The optical measurement of the interface in these samples 

gave results of film thickness of respectively  ~62±6 µm ~15±2 µm. ....................................... 176!

Figure 86: Rheological behaviour analysed at different testing thicknesses. Storage modulus is 

reported on the left and the correspondent loss modulus is reported on the right. It is possible 

to observe a stronger response for thinner films. ..................................................................... 178!

Figure 87: FTIR spectra of 3 different species compared: Silly Putty, PDMS and PBS as processed in 

3.2.1. .......................................................................................................................................... 179!

Figure 88: 1H-NMR spectra of 3 different species compared: Silly Putty, PDMS and PBS as processed 

in 3.2.1. The graph is divided into two areas in order to aid the reading of the spectra. NMR 

carried out by Francesca Tallia. ................................................................................................. 181!
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Figure 89: Nanoindentation on polymeric samples with micrometric zirconia ball. a) A schematic 

depicting the nanoindentation test. A microscopic ceramic sphere pulls away from the polymer 

substrate measuring the force to stretch a single polymer bridge. The bridge reaches a critical 

length and then breaks. b) Results of indentation carried out at different speeds (performed in 

load control mode) show the dependence of force curves on pulling rates. The higher the rate, 

the higher the adhesive force as a result of the shear thickening behaviour of the polymer. The 

graph reports the results repeated on the same spot for 4 times (shown by the 4 differently 

shaped markers). ........................................................................................................................ 183!

Figure 90: Side view of DCB glass/polymer interface sample after crack propagation. The formation 

of polymeric bridges behind the crack tip is evident, and the zoomed image in the inset shows a 

bridged area. This sample had an interfacial thickness of 10-20 micron and was tested at an 

opening rate of 1 mm/min. The distance between each marker line on the bottom is 5 mm.

 ................................................................................................................................................... 185!

Figure 91: Typical load vs displacement DCB results obtained from glass slides “glued” together via 

polymeric self-healing PBS interface. The glass surfaces were subjected to different treatments 

in order to evaluate the effect of hydrophilicity, hydrophobicity or no treatment, on the results. 

Test rate of 1 mm/min. ............................................................................................................. 186!

Figure 92: Work of Fracture calculated for hydrophilic, hydrophobic and plain glass/PBS interfaces. 

Test rate of 1 mm/min. Results obtained from the area under the load/displacement curve for 

DCB test. ................................................................................................................................... 186!

Figure 93: Bar graph showing the results of critical energy release rates obtained for DCB glass/PBS 

samples with modified interfacial adhesion. The interfaces tested are Hydrophilic, Plain and 

Hydrophobic Glasses. ................................................................................................................ 187!

Figure 94: Top views of glass/PBS interfaces (hydrophilic, plain and hydrophobic) before and 

during crack propagation. The opaque area on the right-hand side pictures (arrows) indicates 

the formation of thin capillary bridges of polymer between the two glass slides upon crack 

propagation. Distance between each bar 1 mm. ....................................................................... 188!

Figure 95: R-Curve graphs for DCB tested samples obtained with hydrophilic surface treatment (on 

the left) and no treatment (on the right). Raising R-curve behaviour can be observed in the 
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sample obtained with no surface treatment. Calculation of the values was effectuated through 

SBT method. ............................................................................................................................. 189!

Figure 96: Variation of the critical fracture energy with displacement rates and thickness of the 

interfacial layer. Due to the shear-thickening behaviour of the polymer, the energy increases 

with displacement speed although this increase is more noticeable for thicker layers. More 

plastic deformation results in higher energies for thicker layers. ............................................. 190!

Figure 97: Sequential optical images (top view) of fractured DCB glass/PBS interfaces spreading and 

healing with time (neither pressure nor heat applied). The images were recorded at intervals 

until a total healing time of 2h. ................................................................................................ 191!

Figure 98: Percentage of healed area with time. Due to its properties the polymer flows closing 

macroscopic defects and reforming the interface upon closure and without external pressure. 

Around 80% of the interface is reformed after only 2 hours. .................................................. 192!

Figure 99: Force/displacement curves from a DCB tests: as the interface heals, the strength is 

gradually recovered. Around 50% is recovered in the first 5 minutes with complete healing in 

1-2 days. Thickness of the interface 20 micron and displacement rate 1 mm/min. ............... 192!

Figure 100: Percentage of critical fracture energy healed with time. Test effectuated in DCB 

interfaces for samples with different thicknesses. ..................................................................... 193!

Figure 101: Double Cantilever Beam tests of self-healing interfaces. On the left, Representative 

force/displacement curves of DCB tests (inset) carried out for 3 different interfaces. On the 

right, Evolution of the degree of healing of the same sample (percentage of strength recovered) 

with time after closure. The reversible adhesive shows very poor recovery of the interfacial 

strength. The UPy polymer shows good initial healing, however, multiple healings are difficult 

and interfacial adhesion deteriorates after several cycles. In both cases less than 60% of the 

strength is recovered and it seems to saturate after healing times of only a few minutes. The 

shear-thickening-PBS interface can instead recover full strength as the polymer flows and 

reforms the interface without applying pressure. ..................................................................... 194!

Figure 102: Critical Energy release rate results obtained for three different interfaces: Glass/PBS, 

Glass/soft glue, and Glass UPy polymer. The results obtained by using Glass/PBS interface are 

around one order of magnitude higher than for the other interfaces tested. .......................... 195!
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Figure 103: Force vs. displacement behaviour of 0.5 wt.% rGO/DCB interfaces tested in DCB 

configuration. Results are reported for virgin curve and subsequent healed steps. ................. 196!

Figure 104: Values for critical energy release rate reported for different rGO/PBS blends with rGO 

content varying between 0.05 wt.% and 1 wt.% and including 0 wt.% as reference. The results 

are reported for DCB tests effectuated with opening rates of 1 mm/min (on the left) and 10 

mm/min (on the right). ............................................................................................................ 197!

Figure 105: Comparison of DCB healing test with time of healing for 0.05wt.% rGO/PBS 

interfaces and PBS only interfaces. ........................................................................................... 201!

Figure 106: Mechanisms of bridges nucleation and crack propagation during DCB of Plain 

Glass/PBS interface. Distance between two ticks, 1mm. ......................................................... 204!

Figure 107: Energy release rate vs crack length in DCB tests of glass/PBS interfaces with hydrophilic 

and no functionalization. Comparison between the three methods reported by Blackman et 

al.[221]. ...................................................................................................................................... 204!

Figure 108: Model difference in fracture propagation between lamellar structures and brick and 

mortar ones. The model proposed promotes the propagation of the fracture at the organic soft 

phase (b) and not through the inorganic phase, as it would happen in lamellar structures (a).

 ................................................................................................................................................... 211!

Figure 109: Optical micrographs of thick brick and mortar composites showing brick thickness 

(average 960µm) and interfacial layer thickness (average 20 µm). ........................................... 212!

Figure 110: Optical images of typical thin bricks/PBS composites as fabricated. The separations 

between bricks are mainly caused by optical effects. ................................................................ 213!

Figure 111: Surface roughness analysed via Zygo interferometer of thick brick glass grounded 

surfaces showing (left) a 2D histogram plot defining the average roughness between 5 µm and -

5 µm and (right) a 3D model of the surface with colour bar indicating the depth of the plot.

 ................................................................................................................................................... 213!

Figure 112: Surface roughness analysed via Zygo interferometer of thick brick glass as received 

surfaces showing (left) a 2D histogram plot defining the average roughness between 3 nm and -

3 nm and (right) a 3D model of the surface with colour bar indicating the depth of the plot.

 ................................................................................................................................................... 214!
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Figure 113: Typical force vs. displacement curves exhibited by brick and mortar self-healing 

composites with thin 0.14 mm bricks (a) and thick 1 mm bricks (b). Test carried out at 

1mm/min controlled displacement. ......................................................................................... 216!

Figure 114: evolution of three-point bending fracture propagation in a) thick bricks/PBS composites 

with average brick length of 12.25 mm, b) thick bricks/PBS composites with average brick 

length of 7.55 mm and c) thin bricks composites with average brick length of 2.4 mm. The 

images show from 1-4 the initial sample, crack initiation, crack propagation and sample 

autonomous recovery after healing (1 day self-healing time). Samples tested at 0.1 mm/min.217!

Figure 115: Effect of opening rate and brick length in thick bricks/PBS composites on the flexural 

strength of the virgin composites. A small increase in strength is observable for all of the 

composites for increased rates. The lines indicating the rate in fact have a higher intercept for 

an increase of rate. For longer bricks as well, the samples result stronger. Fracture in the 

samples with brick lengths below 10 mm is always interfacial with no brick fracture. ............ 218!

Figure 116: Effect of testing rate on the formation of polymer bridges at the interfaces between the 

bricks shown in thick bricks/PBS composites. High testing rates (a) do not allow the polymer 

to stretch and form bridges, therefore the interface “snaps” making quick healing more 

difficult. Lower rates (b) instead promote the formation of viscoelastic bridges between the 

bricks favouring fast and complete healing. ............................................................................. 219!

Figure 117: Force vs. Displacement curves of a thin brick/PBS composite as shown in Figure 114 c, 

showing the behaviour of a virgin sample (initial) and the curves displaced by the same sample 

after 5 minutes, 1 day and 4 days left healing without external stimuli. Test carried out at 0.1 

mm/min. ................................................................................................................................... 219!

Figure 118: Effect of time of healing and brick length on the % of strength recovered compared to 

the virgin sample in thick brick/mortar composites. It can be observed that composites with 

long bricks will not recover 100% of the initial strength due to the fracture of a number of 

bricks occurring during three point bending tests. The samples with brick length below 10 mm 

instead showed all approximately the same recovery above 60% after the first 5 minutes and 

100% after 1 day of healing. ..................................................................................................... 220!
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Figure 119: Stress/displacement curves reported for brick and mortar self-healing composites with 

smooth (dashed line) and rough (solid line) glass surfaces. Both of the samples were fabricated 

with same dimensions and brick length using 1 mm-thick bricks. Final composite thickness 

4.95 mm and depth 5.40 mm; testing span 5mm. ................................................................... 221!

Figure 120: Stress relaxation curves relative to thick brick/PBS composite samples in three point 

bending configuration tested under constant displacement after reaching an stress ~1/7th of 

the sample strength. .................................................................................................................. 222!

Figure 121: Force vs. displacement typical curves for tensile test and shear test on glass/PBS 

interfaces. Test carried out at constant displacement rate of 1 mm/min and areas respectively 

230 and 560 mm2. ..................................................................................................................... 223!

Figure 122: Model of force balance proposed by Wilbrink et al. for brick and mortar structures in 

shear tension to determine optimal brick ratio and strength from adhesion and shear tests on 

the single components. (Adapted from [286]) .......................................................................... 225!

Figure 123: Three-point bending of laminate composites made with glass slides and PBS interfaces.

 ................................................................................................................................................... 227!

Figure 124: Strength vs healing temperature for self-healing materials from literature compared to 

the Glass/PBS composites on healing temperature, healing percentage and strength. The 

legend reports the references mentioned in the text. ............................................................... 230!

Figure 125: Freeze caster apparatus used in the process of directional freezing. The external chamber 

allocates liquid nitrogen for the cooling process and the internal chamber allocates the cold 

finger in an ethanol bath to encourage homogeneity of the temperature at the bottom of the 

cold finger. ................................................................................................................................. 236!

Figure 126: Freeze-casting cold-finger cooling rate in relation to freezing front speed, pore width and 

lamella thickness. a) The dependence of the freezing front speed on the cooling rate of the cold 

finger seems to be linear, showing proportionally higher freezing front speeds with higher 

cooling rates. The effect is shown to be dependent on the solid loading. b) and c) show 

respectively that for lower freezing front speeds, the thickness of the freeze-casted lamellae 

increases and a respective concomitant increase of the pore width. Adapted from[293]. ....... 237!
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Figure 127: Alumina scaffolds obtained by freeze-casting technique with aligned lamellar structure 

and 50 wt.% solid load content. On the left, green body before sintering. On the right, scaffold 

sintered at a temperature of 1550°C. ........................................................................................ 238!

Figure 128: Graph reporting the cycle followed during the SPS showing temperature and force 

settings during the process. The force rises until 35 kN and is kept constant for approximately 

17 minutes. The temperature is raised in 2 steps; first the chamber reaches a temperature of 

1000 °C followed by a dwell of 200 s and then a second ramp rises the temperature to 1550°C 

and it is kept constant for 400 s to allow the sintering of alumina. ......................................... 239!

Figure 129: SEM micrograph of alumina freeze casted structures under the influence of an AC 

electric field of 1000 V and 7.5 MHz showing partial central alignment. The structures were 

frozen at a rate of 5°K/min. ...................................................................................................... 242!

Figure 130: Apparatus for alternating electrical field application during the process of freeze casting: 

transformer, Teflon mould with metal plates (anode and cathode), sine wave generator. ...... 243!

Figure 131: Top view SEM micrographs of aligned and non-aligned alumina freeze-casted samples. a) 

and b) aligned scaffolds obtained via micrometric parallel channels on insulating substrate on 

cold finger. c) and d) non-aligned samples obtained by freeze-casting on plane copper plate. 244!

Figure 132: SEM cross-section picture of a freeze-casted sample obtained on a polished copper plate 

as a nucleation substrate. Freezing direction normal to the picture.  The image has been 

coloured accordingly to the domain direction. It is possible to observe how this method 

produces random domains not aligned between each other. ................................................... 245!

Figure 133: SEM cross-section picture of a freeze-casted sample obtained by using an electrical 

alternating field during the freezing process. Freezing direction normal to the picture. The 

colours, showing the directions of alignment for each domain, highlight a partial alignment of 

the structure due to the methodology used to obtain the sample. Direction of the field marked 

by the arrow. .............................................................................................................................. 246!

Figure 134: SEM cross-section picture of a freeze-casted sample obtained by using a patterned 

insulating tape on the cold finger. Freezing direction normal to the picture. The colours, 

showing the directions of alignment for each domain, highlight a partial alignment of the 

structure due to the methodology used to obtain the sample. ................................................. 246!
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Figure 135: SEM micrographs showing the effect of sucrose and ethanol as additives in the freeze 

casting process. a) The addition of sucrose creates a rough surface with a high density of bridges 

whereas b) ethanol drastically reduces the roughness of the surface. Furthermore the 

wavelength (characteristic distance from the centre of one lamella to the next) is increased by 

the addition of ethanol. ............................................................................................................ 247!

Figure 136: SEM image of surface in freeze-casted alumina scaffolds obtained with sucrose as an 

additive and with a freezing rate of 5 K/min. ........................................................................... 248!

Figure 137: Cut surface (parallel to the freezing front) of alumina lamellar scaffolds produced via 

freeze casting and densified via the SPS procedure described in paragraph 7.2.3. As shown, a 

brick and mortar structure is obtained from the freeze-casted samples. Samples produced with 

an initial pitch content of 0.5 wt.% (a) and 1 wt.% (b) before SPS. ........................................ 249!

Figure 138: SEM micrographs of freeze-casted samples obtained with sucrose (on the left) and 

ethanol (on the right) as additives after SPS sintering. Samples produced with an initial pitch 

content of 0.5 wt.% before SPS. ............................................................................................... 250!

Figure 139: Graph showing the relative densities of the samples compared to the spark plasma 

sintering maximum temperature reached. It is possible to observe a correlation between an 

increase of the sintering temperature with an increase of the relative density of the samples. 

Samples produced with an initial pitch content of 0.5 wt.% before SPS. ............................... 251!

Figure 140: Graph showing the correlation between final densities of the scaffolds after SPS with 

the concentration of infiltrated pitch between the lamellae prior to the process. The results 

were analysed for scaffolds treated at different temperatures (1550 and 1650 °C) and with two 

different additives, ethanol and sucrose. .................................................................................. 251!

Figure 141: SEM micrographs of alumina freeze-casted scaffolds infiltrated with polymerized 

Divinylbenzene (DVB). Polymer and ceramic are respectively indicated by number 1 and 2 on 

the right picture. The figure shows a lack of adhesion at the interface between the polymer and 

the ceramic, inducing delamination. ........................................................................................ 252!

Figure 142: SEM micrographs of freeze-casted alumina scaffolds infiltrated with polymerized BMA. 

Polymer and ceramic are respectively indicated by number 1 and 2 on the right picture. The 
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figure shows a better adhesion at the interface between the polymer and the ceramic if 

compared to the DVB SEM. ..................................................................................................... 253!

Figure 143: Optical images of typical open fractures obtained by 4-point bending of freeze-casted 

structures infiltrated with p(DVB), p(DVB-BMA) and p(BMA). The pictures show toughening 

mechanisms such as crack-deflection and brick pull-out, more evident for the p(BMA) 

infiltrated scaffolds. ................................................................................................................... 254!

Figure 144: Typical load vs. displacement curve of 4-point bending flexural strength test for FC, FC-

DVB, FC-DVB/BMA and FC-BMA showing the differences in curve shape. While Freeze-

casted samples infiltrated with DVB and DVB/BMA show a brittle behavior, the curve shown 

by scaffolds infiltrated with BMA shows a more ductile behavior. Finally, empty scaffolds show 

clear multiple fractures due to the separate lamellae breaking. ................................................ 256!

Figure 145: Work of fracture of Alumina/polymer freeze-casted composites and empty scaffolds. 

Average over 5 samples and relative standard deviation.  ........................................................ 257!

Figure 146: In situ tests taken in the SEM chamber with a mobile stage shown in Figure 42. The 

force increases from 20 N, where the crack starts to propagate, to 23 N (on the right) where the 

crack is expanded almost in the whole sample making it impossible to obtain results to 

generate an R-curve. .................................................................................................................. 258!

Figure 147: on the left: SEM micrograph of an alumina scaffold aligned concentrically as obtained 

in the work from Deville et al., by modification of copper plate mould to conical shape. On the 

Right: Examples of different mould used for previous studies in the attempt of inducing an 

alignment of the lamellar scaffolds. Adapted from [127]. ........................................................ 261!

Figure 148: Graph reporting the ratio of the total area covered by domains with different alignment. 

The measurement was carried out by choosing a 0° axis and measuring the size of the domains 

and the orientation diverging from this axis. Measurements were obtained graphically for three 

different kinds of samples obtained with the three different freeze casting techniques: no-

patterning, electrical field and patterning. Errors account for ±0.01% on each value and are 

due to human measuring error. ................................................................................................ 262!

Figure 149: SEM micrographs of typical crack propagation on alumina freeze-casted aligned samples 

infiltrated with p(DVB). From left to right: progressive magnifications of the crack growth. 
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Middle: arrows showing side crack opening. Right: micrograph showing lack of interfacial 

adhesion between bricks and polymer and no bridging. .......................................................... 264!

Figure 150: SEM micrographs of typical crack propagation on alumina freeze-casted aligned samples 

infiltrated with p(DVB-BMA). On the left, it is possible to see the full open crack with main 
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1 Introduction 

 

The concept of borrowing ideas from nature to develop and improve man-made materials has given 

birth to some of the amazing ideas and realisations of the last century. The remarkable wall-climbing 

capabilities shown by insects and geckos have inspired the development of ultra-strong tape able to 

hold the weight of a person due to its microarchitecture formed by adhesive silicone filaments[1]. 

More recently, while studying the self-shaping capabilities of plants, Andre Studart’s group at ETH-

Zurich has developed polymeric analogues able to vary their shape and flex depending on the 

surrounding environment[2]. Companies such as Hydrobead® are now commercialising ultra-

hydrorepellent paints able to biomimic the behaviour of the lotus leaf, where water easily flows off 

the surface due to the strong hydrophobicity. One of the most attractive areas for bio-inspiration is 

in the field of structural materials where it has long been recognised that natural composites such as 

silk, nacre or bone could be used to guide the design of a new family of strong and tough, light-

weight composites. However, this goal has not yet been reached. Furthermore, researchers are still 

far from developing a structural material with the self-repair capabilities found in a natural structure 

such as bone. As we gain knowledge on how natural materials work and our processing capabilities 

improve, we are getting closer to realising that dream.  

 

The objective of this project is to take inspiration from nature to build strong and tough 

organic/inorganic composites with the capability to fully and autonomously heal.   

 

Materials such as nacre (the main component of seashells) or bone have been studied extensively 

due to their highly organised hierarchical structures that provide a unique combination of high 

strength and toughness[3]. Nacre exhibits a brick and mortar structure organised in small hexagonal 

aragonite platelets, held together by a very thin soft polymeric interface (thicknesses are in the range 

of tens of nanometres). The mechanical performance of this composite structure is much better 

than the mechanical performances of the organic or inorganic components measured separately. 

Similarly, bone is organised in an arranged hierarchical organic/inorganic structure. At the 



 

34 

 

 

nanometric scale, it presents filaments that hold together the bone fibres, and act as sacrificial bonds 

able to re-form after fracture, providing a self-healing behaviour[4] .  

The mechanical properties of these materials have been modelled and studied experimentally. For 

example, the toughening behaviour in nacre has been attributed to different mechanisms: the 

sliding of the bricks over each other causing friction[5], the roughness on the surface of the platelets, 

the peculiar dove-tail shape causing interlocking of the bricks upon stress[6], and the presence of the 

thin polymeric interface bridging the inorganic platelets together. However, it has been difficult to 

translate this combination of mechanisms acting at multiple length scales to an engineering 

material. 

Materials such as bone and natural tissues for example, are also known for their self-healing 

capabilities, a property that, to date, has been even more difficult to replicate synthetically. Most of 

the current self-healing man-made materials are either unable to heal autonomously, or unable to 

heal multiple times. Many can only repair completely if subjected to an in loco external stimulus such 

as heat, radiation or pressure, or can heal only a limited number of times [7]. Conversely, 

autonomous self-healing materials, usually formed by the incorporation of healing agents in capsules 

or channels inside a polymeric matrix, often show stronger mechanical responses. However, 

depletion of the healing agents and their re-application in loco are still problematic issues. Finally, 

there is a class of polymers recently studied that takes the name of supramolecular aggregates. These 

compounds present a three-dimensional network, able to autonomously break and re-form multiple 

times due to the presence of hydrogen bonds or the use of reversible dynamic covalent bonds. 

However, these polymers are often non-load bearing and therefore not suitable for structural 

applications. A solution could be the integration of these polymers within inorganic phases, 

mimicking the complex architectures of biological materials to create and optimise an “ideal” [8], 

strong self-healing material, able to autonomously and completely heal multiple times.  

The project takes inspiration from the clever designs of nacre and bone in order to develop and 

optimise a model bio-inspired material with structural capabilities, able show full recovery of its 

mechanical properties after crack propagation. The work is supported by two main ideas: the use of 

layered and nacre-like brick and mortar structures with stiff inorganic blocks confining thin 

interfacial soft layers, and the engineering of the soft layers to provide the ability to self-repair. Upon 

damage, the structure would allow crack propagation following a path between the ceramic bricks, 
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increasing the toughness of the material as seen in previous modelling studies. The thin but soft 

organic interface would resist crack propagation to some extent, and re-heal the whole structure 

after fracture. We believe that a very thin interface, as shown in natural composites, might be the 

key to improved materials and complete healing. The confinement of a self-healing soft polymer 

into a secondary phase, like mortar in layered or brick and mortar structures, in order to provide a 

material with both structural and self-healing capabilities, opens a wide variety of opportunities. 

Amongst these, the possibility to alter the inorganic component in order to obtain self-healing 

materials with mechanical sensing capabilities has been the focus of an important part of this work. 

Particularly, the use of graphene superlight foams as a confining, electrically conductive network has 

shown to be a promising path to achieve such capabilities.  
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“The spread of self-healing strategies and of material systems to which they 

might be applied is broad, including polymers, composites, ceramics, metals, coatings, 

adhesives, and – significantly – the materials that inspired it all, those of nature.” [8] 

 

1.1 The concept of Self-Healing  

 

Polymers are materials widely used in many fields: from architecture to bioengineering, from 

aerospace engineering to environmental engineering. Their adaptability is mainly due to the wide 

range of mechanical and chemical properties that they can display. However, like many other 

materials, polymers are susceptible to damage due to mechanical, thermal and chemical stresses. 

This can lead to structural degradation and internal cracks capable of altering the physical and 

mechanical properties of the material, such as strength, toughness and fatigue life. As a result, the 

material, with time, becomes unable to perform the functions it was initially designed for. The 

consequences of these failures must not be underestimated, since, in the case of architectural 

damage or biomedical failure, human life can be endangered. In order to mitigate or avoid these 

failures, since the 1980s[9], when the concept of self-healing polymeric materials was first 

introduced, several advances have been made in the field of self-healing. This chapter will briefly 

describe the different techniques used for the production of self-healing polymeric composites and 

their advantages over composite materials with no self-healing properties. 

The expression “self-healing material” encompasses a class of materials that exhibit the ability to re-

form their complex architectural and chemical structure after being damaged[10]. An ideal material 

continuously senses and responds to damage occurring in the matrix. A self-healing material 

therefore shows the advantage of being more reliable over time, durable and safer during use. This 

allows a reduction of use, maintenance and repair costs.  

Traditionally, the most used methods for repairing polymeric matrices included: welding (the re-

joining of cracked surfaces by heat, infrared, vibration or ultrasonic stimulation bringing them to 

contact under pressure so as to re-form the surface bonds)[11, 12] and patching (the covering or 

substitution of a fractured site of a material with a different one bonded adhesively or mechanically 
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to the pre-existing one)[13, 14]. These methods have, however, limited reliability, since, after 

patching or welding, the material will present weakness points which might lead to new failure. The 

production of a material able to autonomously and homogeneously heal (completely re-constituting 

its structure from the molecular level up) without the need of external intervention would solve 

these problems. 

Different methods have been developed in the last 15 years for the production of self-healing 

polymeric materials; these can be encompassed in the following two groups: induced healing and 

autonomous healing. Figure 1 shows an essential diagram for the understanding of the differences 

between the two techniques that will be described in detail in the following paragraphs.  

 

Figure 1: Diagram showing the two main self-healing methods used in synthetic materials. In the first one, 

induced healing, the material subjected to fracture or damage requires the application of an external 

stimulus in  s i tu  to catalyse homogeneous healing. On the right, the process of autonomous healing is 

divided in: polymeric matrices with the incorporation of capsules or vessels for delivery of healing agents 

on the fracture site, and supramolecular polymeric structures. Adapted from Blaiszik et al.[15]  

 

Most of the review articles on self-healing methods differentiate the healing polymers in two classes: 

thermoplastics and thermosetting[16, 17] or by intrinsic or extrinsic healing mode[15]. However, for 
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clarity of problems, aims and objectives, the author has decided to classify the self-healing 

techniques themselves instead of the polymer types. 

 

1.1.1 Induced Self-Healing 

This technique typically involves the use of thermoplastic polymers as materials in which the self-

healing process is activated by an external stimulus such as light or heat. These factors lead to a 

molecular interdiffusion process, occurring at the fracture interface that enables the polymeric 

chains to re-bind together. Jud and Kaush proved crack-healing behaviour in PMMA samples at 

temperatures above their Tg, where the mobility of the chains is higher, therefore initiating 

interpenetration[18]; they furthermore discovered that the longer the time they left the two 

fractured surfaces apart, the lower the healing efficiency (from here on healing efficiency will be 

defined as the percentage of a particular mechanical property of the material recovered after healing, 

compared to the virgin sample). This process however closely resembles welding techniques, and can 

sometimes be very close to the results obtained through simple surface-melt adhesion. Wool et al. 

[19] tried to understand this process suggesting a five-stage model where rearrangement, approach, 

wetting, diffusion and randomization describe the process of healing by interdiffusion. Studies were 

subsequently carried out on the same structures for crack healing under heating and exposure to 

methanol, improving the wetting and diffusion of the interfaces[20]. More recently, Chen et al. 

reported the development of a transparent re-mendable polymer with properties similar to those of 

epoxy resin through the use of reversible Diels-Alder reactions[21]. The polymers were fractured and 

then put back in contact at T>150 °C obtaining a mending efficiency of around 50%. The 

temperatures reported, however, would allow for simple re-moulding of the polymeric matrix, 

instead of induced surface healing. Subsequently, Plaisted et al. conducted a similar study on Diels-

Alder cycloadditions. In order to heal their polymeric sample, after fracture they initially applied a 

pressure of 0.35 MPa for over 10 hours in a controlled temperature environment at 85°C and 

elevated the temperature to 95°C subsequently, obtaining healing efficiencies as high as 108% and 

attributing them to an increase in the degree of conversion in the polymerisation due to the 

prolonged exposure to temperature[22].    

The first examples of light-induced self-healing were reported by Chung et al.[23]. They photo-

crosslinked a cinammate monomer (1,1,1-tris- (cinnamoyloxymethyl)ethane, TCE) and formed a 
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hard transparent film. Upon grounding this polymer (in order to obtain a high number of fractured 

interfaces), healing was induced by irradiation with λ>280nm for 10 min, and healing efficiencies of 

14% and 26% were reported. Subsequent work by Burnworth et al. in 2011[24] shows the self-

healing capabilities of metallosupramolecular polymers via exposure to UV light. These metal-ion 

non-covalently bonded low molecular weight polymers show healing efficiencies around 100% due 

to photothermal conversion, attributing this process to a high mobility chain process for polymers 

with low Tg. 

Many of these materials show a self-healing mechanism which is not truly self-healing or “ideally” 

self-healing, as described by Zwaag[8]. Figure 2 reports the words used by Zwaag to describe the 

difference between an “Ideal” self-healing material and a “Minimal” one. 

 

Figure 2: Table as reported in the work of Zwaag on Self-healing materials defining and distinguishing the 

concepts of Ideal self-healing and Minimal self-healing[8]. 

As aforementioned, the materials reported in literature have the disadvantage of having a self-

healing mechanism dependent on an external stimulus such as heat, light or pressure. Therefore, if 

the crack is too small or hidden in the internal structure of the material, it becomes difficult to find 

and consequently difficult to know where to apply the external stimuli to regenerate the fracture or 

re-join the separated interfaces. In order to overcome this problem, the autonomic route can be 

chosen, presenting multiple self-healing options and paths available for synthetic materials. We’ll 

evaluate the most important ones in the following paragraphs. 
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1.1.2 Autonomic Self-Healing: Capsule-Based and Channel-Based   

The method here described can be referred to as “architectured self-healing”, and takes advantage of 

structural modifications such as microcapsules or fibres to induce a structural healing in the 

material.  These two approaches use the same process of embedding a healing agent (such as an 

appropriate catalyst or initiator) into a membrane that separates the agent from the polymeric 

matrix. The first approach uses microspheres and the second one uses long fibres organised in a 3-D 

arrangement throughout the matrix. These two approaches commonly do not require external 

stimuli to be activated[16] and they currently represent the most researched areas in the field. The 

categories shown in this paragraph for both methods will follow the classification system reported by 

Blaiszik et al.[15]. 

Figure 3 summarises the four different techniques used in capsule-based systems. The first one, 

entails the dispersion of the catalyst in the polymeric matrix and healing agent encapsulated into 

dispersed microspheres. Examples of this methodology can be found in the work by Brown et al.[25, 

26] where, upon fracture, the healant spreads in the crack and comes into contact with the catalyst 

dispersed in the matrix. In this case, capsules containing dicyclopentadiene, were dispersed in an 

epoxy matrix containing Grubb’s catalyst (Ru). The fracture of the composite (in tapered double 

cantilever beam geometry – TDCB) showed healing after 12h reaching an efficiency of 

approximately 60%. The second system encompasses the encapsulation of both the catalyst and the 

healant in separate spheres which come into contact upon fracture or damage of the sample. An 

example is found in the work by Keller et al. in 2007 where capsules of PDMS resin and PDMS 

crosslinker are dispersed separately in a PDMS matrix[27]. Those materials showed healing 

efficiencies after tear between 70% to 120% depending on the concentration of the resin-containing 

capsules. However, a reference sample containing neither of the two systems of capsules, or only one 

of them, showed an average healing efficiency between 57% to 84%, leaving an improvement only 

of about 20% over the reference sample for the two capsule-based systems. 
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Figure 3: Capsule-based self-healing systems. 1) System where the catalyst is dispersed in the polymeric 

matrix and the healant is encapsulated. 2) System where both healant and crosslinker are encapsulated in 

microspheres and come in contact when released. 3) System comprising healant agent microencapsulated 

and dispersed in a matrix with latent functional groups able to react upon damage. 4) In this system one 

component of the healing mechanism is phase separated in the matrix and the other(s) can be 

encapsulated and act upon release under damage.  

 

The third system shown in the figure sees the use of only one encapsulated species, the healant, 

distributed then in a matrix which exhibits functional groups free to react with the healant upon 

breakage. In this case an example is given by the work of Caruso et al. that shows the encapsulation 

of a solvent for epoxy in an epoxy matrix[28]. Chlorobenzene had previously shown promising 

results as a healant for epoxy resins[29]. This work shows healing efficiencies varying from above 

80% for sample references to above 100% for different capsule loading contents in the matrix (from 

5 to 20%). The last of the four reported systems shows a model prevalently used for coatings, where 

the healant is encapsulated and subsequently dispersed in a matrix containing the catalyst as a 

separated phase (or vice-versa). An example of this system has been reported by Cho et al. in 2009 

where they explore the use of siloxane-based materials in electrically insulating coatings[30].  In this 
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work the authors manage to prove the stability and complete healing of these coatings by evaluating 

the current passing through the substrate after scratching and after healing, obtained by keeping the 

material in stable conditions under saline water for 120h. While the control sample after damage 

(not including the healant and catalyst) allows the passage of relevant currents throughout the test, 

the self-healing coating heals very quickly, allowing only a very small current leak. 

 

Vascular networks represent a different method for incorporation of healant agents in a polymeric 

matrix structure. Instead of taking advantage of hollow spheres, in this case the healing agent is 

enclosed in hollow channels or fibres organised in a network system. This method has the advantage 

over the capsule-based one that, once the crack has propagated through the structure, with 

consequent healant depletion in the area, new healant can be supplied to the fracture site through 

continuous distribution via the micro-channels. This shows a relevant improvement over the single 

healing event possible at one location for capsule-based materials. However, one negative aspect of 

this method is that, in order to function properly, it requires the continuous availability of healants, 

therefore the channels need to be refilled or have a reservoir connected to the material. 
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Figure 4: Vascular network self-healing systems. 1) 2) and 3) show the possible configurations of a 

vascularised system with channel in-situ delivery of two separate healants that come in contact upon 

fracture. Respectively, these systems are 1- 2- and 3-Dimensional organisations of the channels, starting 

from the simpler model to the more articulate.  More sophisticated manufacturing techniques are 

required for the production of two- and three- dimensional channel networks, as the channels themselves 

now are connected in multiple directions in order to allow the complete flow of healants in all the parts of 

the structure. In this case, hollow glass fibres cannot be used anymore, therefore more advanced 

techniques such as 3d-Printing need to be employed.  

 

As shown in Figure 4, there are three main methodologies for systems with vascular healing 

networks. They encompass only a difference in structural organisation on 3-dimensional levels. 

These differences can depend on the requirements of the final material. For laminates, for example, 

mono or bi-dimensional architectures will be preferred to three-dimensional ones. One of the first 
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works in this field was carried out in 2006 by Williams et al.[31]. In this work the authors show the 

use of hollow glass fibres (HGF) containing an epoxy healant and dispersed unidirectionally in a 

carbon fibre reinforced polymer (CFRP) laminate. In order to reduce the viscosity of the resin and 

increase the efficiency of the healing process, after three-point bending tests, the fractured samples 

were kept at 70°C for 1h and subsequently cured at 125°C for 75mins. The introduction of healant 

HGF in the matrix, partially degraded the flexural strength of the composite, however it produced 

an 80% healing efficiency after fracture. The strength and healing of the composite depended as 

well on the spacing and amount of the HGF. Passing onto more complex two-dimensional and 

three-dimensional networks, hollow fibres cannot be employed anymore, as the channels need to 

have multiple ramifications to allow continuous multidirectional flow. In this case techniques such 

as 3D-Printing can be adopted for the purpose. The work of Toohey et al. [32] has shown the 

realisation of a complex 3D vascular network by 3D printing of a fugitive phase and embedding of 

the printed vascular network in an epoxy matrix with subsequent curing, removal of the fugitive 

phase (with slight heating) and introduction of epoxy dicyclopentadiene (DCPD) healants. After 

bending tests and fracture, the samples are allowed to heal at room temperature for approximately 

12h. The result is a healing efficiency ranging from 40% to 65%, never, however, reaching complete 

healing. Even more recently, in 2014, the group of White and Sottos has developed a material able 

to self-heal large damage volumes, with areas bigger than ever experimented (holes with a maximum 

diameter of 8mm and depth of 2mm)[33]. The polymeric material uses a microfluidic double 

channel approach where initially a liquid monomer gelates in situ of the large volume fracture, 

forming the scaffold for the subsequent structural polymerisation. The healing efficiency reported 

for this system was around 60%. (Healing efficiencies are reported in % of virgin strength.)  

 

The main advantage of these processes is that they are autonomous and do not require any external 

stimuli for activation. However, the dispersion of the spheres or the fibres in the matrix is not 

enough to ensure a uniform repair of the whole structures, since the distribution is discrete. 

Moreover, during fracture, the healing agent will flow through the crack forming a new plane of 

weakness for the material, due to the change in configuration of the matrix membranes. The other 

issue that can be observed in these systems is the depletion of healants after single use (in the case of 

microsphere systems) or the need of constant external supply of healants through pumps (in the case 

of microchannel systems) as reported in the work by White et al.[33].  
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1.1.3 Autonomic Self-Healing: Supramolecular Polymers  

 

Another important approach, and the most recent one, uses a whole range of chemical reactions 

occurring at the fracture surface as soon as a crack is formed. This process is considered intrinsic, as 

encapsulated healants are no longer necessary and the matrix itself shows self-healing capabilities.  

This approach takes into account the ability of a material to destroy and re-form chemical bonds 

related to weak forces (non-covalent interactions such as electrostatic forces, metal-ion coordination 

or hydrogen bonds) or to dynamic bonding. One of the most relevant examples, and the most used 

among the non-covalent forces is the hydrogen bond. Supramolecular polymeric structures can be 

chemically assembled by lateral crosslinking organic chains with hydrogen bonds, known to be weak 

but highly reactive[34]. The advantage of this technique relies on the fact that, during crack 

propagation, the majority of broken bonds are hydrogen bonds that, because of the high reactivity, 

quickly re-heal the structure without leaving traces of damage[35]. One of the first reviews on the 

topic was written by Jeffrey S. Moore in 1996 and classifies the different supramolecular 

architectures starting from the dendrimer’s formation. Supramolecular networks are built on the 

assembly of multitopic units, molecules able to directionally and spontaneously assemble and form a 

dynamic 3D-network (also known as Dynamers)[36]. Ditopic units are able to form long-lived chains 

acting like polymers in solution and in bulk form. These units can be assembled together via the 

formation of directional hydrogen bonds. Furthermore, it is possible to form supramolecular 

aggregates crosslinks by introducing tritopic or tetratopic molecules and using the same kind of 

bond between the two. A schematic illustration of this can be found in Figure 5. Most of the 

Supramolecular self-healing polymers developed in the last few years are based on the use of urea, 

able to form a tritopic unit called diamido tetraethyl triurea[37], and ureido-pyrimidone (UPy) 

moieties able to provide both self-assembly and self-healing properties thanks to the tuneable 

presence of multiple hydrogen bonds[38, 39]. With the same techniques supramolecular elastomers 

able to self-heal have been developed, in the recent years, by Zhang and Liu[40, 41]. 
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Figure 5: Structure of a supramolecular aggregate, showing in red tritopic molecules and in blue ditopic 

molecules, constituting a 3-dimensional structure held together by directional dynamic bonds.  

 

Figure 6 shows how a type of supramolecular network can be formed starting from a “ribbon-like” 

monomer. Figure 7 instead, shows the formation of a 2D supramolecular polymer assembled via 

ureido-pyrimidone units through hydrogen bonding.  

 

 

Figure 6: formation of a quadrupole hydrogen-bonded supramolecular polymer from the association of a 

bow shaped monomer. Adapted from[36].  
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Figure 7 Another example of a supramolecular polymer assembled in a 2D arrangement with the 

association of ureido-pyrimidone monomeric units. The process leads to a substance exhibiting non-

Newtonian and self-healing properties which vary with frequency and temperature. Adapted from[42]. 

Recent work on UPy dimers carried out by van Gemert et al. in 2012 shows the use of quadruple-

hydrogen bonds in the molecule for the formation of supramolecular self-healing materials[43]. 

They developed a range of self-healing thermoplastic polymers from harder to softer/hydrogel ones 

where temperatures of 140 °C are required for the healing of some of the structures, whereas others, 

having a higher ratio of hydrogen bonds, do not require any external stimuli. These products have 

been commercialised by the Suprapolix® company recently founded by one of the authors. These 

polymers can be used as adhesives as well; however, if the two surfaces of a fractured sample are left 

exposed to the environment for too long, the reactive bonds passivize (by either bonding with other 

molecules on the surface or by incorporating environmental particles) and the material loses its 

ability to self-heal. Tensile strengths of these polymers vary from 0.1 to 0.3 MPa and can reach 

healing efficiencies of over 95% for clean cuts.  

Different self-healing mechanisms have been reported by Martin et al. in their recent work on self-

healing thermoset elastomers[44]. These elastomers take advantage of the formation of dynamic 

disulphide metathesis as ending groups in poly-urea-urethane moieties which make the polymer 

constantly rearranging and provide self-healing capabilities to the material. The virgin elastomers 

present tensile strengths of 0.80 MPa and, after complete fracture of two surfaces and healing, 

showed efficiencies of 95% after only 2 hours contact at room temperature and atmospheric 

pressure. These are outstanding results for thermoset polymers and can be attributed to both the 
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disulphide groups in constant exchange at room temperature, and the quadruple hydrogen bonds 

formed between two urea groups.  

 

1.1.4 Rheological Properties 

Supramolecular polymers have been proven to exhibit different rheological properties depending on 

temperature and mechanical frequency they are subject to, and to the amount of reversible bonds in 

the structure. Ureido-Pyrimidone supramolecular polymers and Urea supramolecular aggregates at 

30 °C show a non-Newtonian viscoelastic behaviour varying with frequency: highly viscous for high 

frequencies and with low viscosity at low frequencies[42]. It is also observed a decrease in molecular 

weight for high temperatures. This is due to the hydrogen bonding breaking and the equilibrium of 

the dynamic reaction of hydrogen cross-linking being shifted to the monomer side. Furthermore, 

self-healing properties of these materials can be assessed by observing the fact that for low 

frequencies the viscosity is unaffected. Studies carried out by Casuso et al. in 2014 report self-

healing pH-responsive hydrogels formed by Polyethylene glycol chains ended with thiol groups, able 

to change their rheological behaviour adapting to pH change[45]. For low pH the material shows a 

solid-like behaviour, whereas for high pH, above 11, it shows a shear-thickening behaviour. 

 

1.1.5 Classification 

The realisation of a good classification of the self-healing materials produced in the last couple of 

decades is a complex task since different authors present their materials under completely different 

perspectives in order to emphasise the most relevant aspect. Healing temperatures and times are 

often not mentioned to prioritise the healing mechanism, and the mechanical properties are often 

not measured due to a more “chemical” approach to the material’s development. In this thesis the 

author has thoroughly examined the existing literature in order to complete a schematic comprising 

most of the self-healing materials reported in literature covering the parameters perceived as most 

relevant for this study. These parameters were chosen taking into consideration the definitions of 

“ideal” self-healing materials as reported in the work of Zwaag et al.[8] and shown in Figure 2. Table 

1 summarises and classifies the most relevant materials found in literature, reporting the mechanical 

properties, healing efficiency, healing times and healing modes. 
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Table 1: Properties of Self-Healing Materials listed by type of healing, time of healing, healing efficiency and mechanical properties reported.  

Material Healing type Healing time 
Healing 

efficiency 
Multiple 
healing 

Mechanical Property Author and Reference 

Microcapsules autonomous >24 h >50% No Fracture toughness: 0.55 MPa Brown (2002) [46] 

Microcapsules autonomous >15 h 100% No Flexural strength: 45 Mpa Yuan (2008) [47] 

Microcapsules T=120-180°C 3-4 h >100% No Elastic Modulus: 500-1100 MPa Guadagno (2014) [48] 

Hollow Glass Fibers autonomous >24 h 55-90% No Flexural Strength: 700 MPa Pang (2005) [49] 

Two Channel System  
damage up to 8mm∅ 

external pump 24-48 h >60% No Tensile Strength: 40-80 MPa White (2014) [33] 

Thermoplastic T=150°C - <50% Yes Tensile Strength: 58 MPa Chen (2002) [21] 

Thermoplastic T=95°C >13 h 100% Yes Tensile Strength: 25-30 MPa Plaisted (2007) [22] 

Supramolecular 
T=23°C   

T=120°C 
>7 days  >5min 100% Yes Tensile Strength: 2.5-3.5 MPa Cordier (2008) [37] 

Supramolecular light and T=190° - >80% Yes Tensile Strength: 0.5 MPa Burnworth (2011) [24] 

Supramolecular Upy autonomous 16 h 100% Yes Tensile Strength: 0.35 MPa Van Gemert (2012) [43] 

Supramolecular T=80°C 10 min 100% Yes Tensile Modulus: <1 MPa Burattini (2009) [50] 

Supramolecular autonomous 24 h 90% Yes Tensile Strength: 0.2-1 MPa Chen (2012) [51] 

Supramolecular  
PUU Elastomer 

autonomous 24 h 97% Yes Tensile Strength: 0.7-0.8 MPa Rekondo (2013) [52] 

Supramolecular  
Thiol-functionalised 

autonomous 24 h - Yes Compressive Strength: 0.2-0.3 Martin (2012) [53] 

Supramolecular 
Conductive (Ni) 

T=50 °C 10 min 100% Yes Tensile Strength: 0.03-1 MPa Tee (2012) [54] 

Hydrogel autonomous - 100% Yes Tensile Strength: 0.012-0.078 MPa Tuncaboylu (2011) [55] 
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The initial part of the results covers the behaviour of microchannel and microcapsule-based systems. 

These systems show load bearing capabilities and good mechanical properties, with strengths 

ranging from tens to hundreds of MPa. All of these systems however can only heal in the same spot 

once, in fact when the healing agents are released in an area, they will be depleted or make it 

impossible for further agents to reach the same spot for multiple healing. Furthermore, over 50% of 

these materials show healing efficiencies below 90%, contributing to distance them from the “ideal”. 

Healing times required can range for these materials from a few hours to a few days. In the table, the 

second section refers to thermoplastic self-healing materials. These material’s healing capabilities lay 

with the reversibility of particular chemical reactions (such as cycloaddition[21]) through applied 

heating. For this reason, these materials do not show an autonomous healing character, but require 

the external stimulus of temperature, normally above 90 °C, to catalyse the healing process. The 

mechanical strengths are in the tens of MPa and the healing takes several hours to reach 100% 

efficiency. In some cases even heating is not sufficient to gain 100% recovery, making these 

materials far from the “ideal”. The third section highlighted in the table encloses a significant 

proportion of the results collected on self-healing supramolecular assemblies. These materials, 

relying on the re-formation of dynamic weak bonds such as hydrogen bonds, disulphide moieties or 

boron-oxygen cross-links, present weak mechanical properties, with strengths in the order of 

hundreds kPa. However, they present mostly autonomous healing (with the exception of some 

samples showing more efficient or faster healing under the effect of light or temperature) and 

healing efficiencies above 80% and for the most part of 100%. Finally, hydrogels show the weakest 

mechanical properties (tens of kPa), however they can completely and autonomously heal without 

external stimuli. The healing times are very similar in average for all the materials, and can usually 

range between minutes (if helped by heating) to 1-2 days. It is also clear how the stronger materials 

distance themselves more from the ideal than the weaker ones. Finally, all the materials mentioned 

can heal near-zero volume fractures (fractures that can be healed by placing two surfaces back in 

contact). However most of the materials cannot heal large volume fractures, aside from the approach 

adopted by White et al.[33] which, however, cannot heal multiple times, nor it can do it 

autonomously, as it requires the presence of an external device continuously supplying the healing 

agents to the damaged site. This classification allows the identification of the multiple problems 

inherent in currently existing self-healing materials; these distance the materials from the optimal 

(“ideal”) properties. The improvement in one characteristic however compromises another: strength, 
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healing type, time and efficiency are parameters that need to be carefully chosen in order to obtain 

an optimal balance of properties.  

 

Self-healing materials represent a recent but very important field of study that is continuously 

evolving. Its importance is due to the fact that these materials can now effectively reduce the risks of 

failure after damage. Of the three main techniques presented so far, the one that has proven to be 

the most interesting in terms of cost reduction, time saving and, more importantly, total 

autonomous regeneration, is the formation of supramolecular rubbers with hydrogen linkages or 

dynamic bonds. Relevant parameters to consider in the design of a self-healing polymer are its final 

mechanical properties. In fact, depending on the ratio of hydrogen bonding or dynamic cross-links, 

these polymeric structures can exhibit non-load-bearing capabilities, to be taken into account within 

the properties of the final material. A possible solution to this problem would be to use ceramics in 

conjunction with soft, self-healing polymers in order to obtain structures with load bearing 

capabilities, strength and elevated toughness at the same times as fully autonomous self-healing 

capabilities.  

  



 

52 

 

 

1.2 Toughness in Ceramic Composites 

Ceramics represent a class of materials that men have used since the dawn of time. Ceramics clay is 

the main example of a ceramic that can be found in the first tools developed by mankind. Ceramics 

can either show a crystalline structure (normally processed by casting/pressing and sintering) or a 

non-crystalline structure (falling into the category of glasses). Ceramics normally show a mixture of 

two different kinds of bonding (ionic and covalent) and, depending on the ratio between the two, 

the properties of these materials can differ highly from each other[56].  However, most ceramics 

share similar mechanical characteristics. They, in fact, show properties such as low thermal and 

electrical conductivities and they can be stronger and stiffer than metals or polymers. Furthermore, 

they exhibit high melting points and high chemical stability, reasons why they can be used as 

insulating materials and crucibles for high temperature melts.  

One of the weak points of ceramics is their brittleness. The brittle fracture of ceramics limits their 

uses and possible applications. Figure 8 shows a plot of strength vs. toughness for a wide variety of 

materials. While ceramics (e.g. silicon carbides, alumina and zirconia) show outstanding values of 

strength, they exhibit very low values of toughness. At the other end of the spectrum, polymers (e.g. 

polyethylene terephthalate–PET, Nylon and polymethyl methacrylate–PMMA) and rubbers show 

the highest values of toughness. However their strengths are very low. Metals do not exhibit the 

same strength as ceramics but possess high toughness. Interestingly a possible solution to obtain 

materials with both high strength and toughness is to use composites where two or more classes of 

materials are combined in order to improve the final properties. Fibre-reinforced polymer 

composites represent an important example of this strategy[57]. By combining the elastic properties 

of plastic polymer resins with the high strength of reinforcing fibres, it is possible to dramatically 

improve the strength and stiffness of a polymeric material. The fibres used are usually carbon 

(CFRP), glass (GFRP) or aramid (less used). Another example of enhancement of material’s 

mechanical properties can be observed in metal/ceramic composites[58]. These composites are able 

to present high toughness, high wear resistance and high strength, and can be organised in different 

arrangements such as multi-layered structures[59], metal particles in ceramic matrices[60, 61] or 

fibre reinforced metal-ceramic composites[62]. In both fibre reinforced specimens or layered 

composites, phenomena like multiple cracking or crack deflection can easily occur in the sample 

during fracture propagation, modifying the toughness of the composite. In these cases, and in 
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particular in the analysis of composites, toughness represents an important parameter to take into 

account. 

 

 

Figure 8: Ashby[63] plot of Strength vs. Toughness. This plot highlights the different properties for 

materials such as ceramics, polymers, metals and composites. In particular, it is evident how ceramics 

show high strengths but low toughness, falling in the category of brittle materials, and polymers show high 

toughness but low strengths. Interesting is to see how the merging of the two different classes into the class 

of composites, produces materials with both high strength and toughness. 
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1.2.1 Toughness and toughening mechanisms 

Toughness represents the energy that a material can absorb in order to resist crack propagation. It 

can be calculated as the energy converted in mechanical deformation (or used to create two new 

surfaces) per unit volume before fracture occurs. Thus: 

!!"#$%
!"#$%& = !"#

!!

!
!!!!!!!!!!!!!(1.1) 

Often the approaches used to determine the characterisation of a material’s properties are “single-

value” methods. In linear elastic mechanics these consist of the determination of a single value for 

the material under consideration, such as Gc (the critical energy release rate or crack extension force) 

and Kc (critical stress intensity factor)[64]. Gc represents the critical value above which the crack will 

grow spontaneously. The stress intensity factor instead is normally used to predict the stresses 

present near the crack tip.  

In order to describe the relationship between crack length (a) and applied stress (!), at fracture, it is 

possible to use Griffith’s equation: 

! = !"!
!" !!!!!!!!!!!!!(1.2) 

However, this approach is not able to provide accurate representation of the toughness for more 

complex composites such as natural ones like nacre and bone[65]. This is due to the fact that these 

biological materials present mechanisms that increase the toughness during the propagation of the 

crack and present a local plasticity which is no longer irrelevant if compared to the specimen 

dimensions[66]. Other methodologies are therefore required for accurate studies of the material. It 

is hence introduced the parameter R, describing the material’s resistance to crack extension [64].  In 

the presence of toughening mechanisms of crack-tip shielding, the value of R will increase with 

increasing crack length. Depending on the variation of G and R with crack size, the mechanism of 

crack growth may be stable or unstable. Stable crack growth occurs under the condition of: 

!!!
!! = !!
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meaning that, for an increase in stress !", the crack will grow an amount !"; however, the crack 

will not grow further unless the stress is further increased (as shown in Figure 9). This condition is 

true until G=R. Past this point, when the stress curve is tangent to the R-curve, the condition for 

crack instability will be verified: 

!"
!" !≥ !

!"
!" !!!!!!!!!!!!!!(1.4) 

At this point the rate of change in the force supplied to the material will be higher than the 

material’s resistance to crack extension at a critical crack length ac. The fracture will continue to 

propagate in an instable manner without the need to increase the stress supplied. The curve 

resulting from the plot of R vs. the crack extension, takes the name of R-Curve.  

 

Figure 9: Graphs showing the conditions for stable and unstable crack growth in samples with flat R-curve 

(on the left) and rising R-curve (on the right). The graphs overlap the driving force and the R-curve 

diagrams. a0 indicates the initial crack length and ac the critical crack length. Adapted from [64]. 

The R-Curve graphically describes the resistance of a material to the propagation of a pre-started 

crack against the crack length with time[67]. This curve takes into account the variation of 

toughness of the material as the crack extends and can take different shapes. A flat R-curve 

unambiguously defines the critical value of energy release rate Gc. In the case of a rising R-curve 

behaviour (typical of a material presenting toughening mechanisms) a value of G cannot be uniquely 

defined, however it is usually taken as the value for the initiation of the crack growth[64]. This 

method however still presents limitations due to the ambiguity in the definition of the initial defect 

size. Some of the mechanisms, inducing a rising R-curve, are shown in Figure 10. There are mainly 

two different types of crack toughening mechanisms: intrinsic and extrinsic[68]. The extrinsic 



 

56 

 

 

mechanisms, shown in Figure 10, act behind the crack tip shielding it from the applied stress. As 

examples in the illustration it is possible to see mechanisms such as fibre bridging (method that can 

be easily recognised in FRP and fibre reinforced composites in general), in which fibres orthogonal 

to the applied stress act resisting to further crack propagation. Another example is grain bridging 

that substantially has the same effect. Bridging mechanisms can be generated by soft materials, for 

example collagen fibres have been found to have an important role in toughening mechanisms in 

bone[65]. Intrinsic mechanisms, instead, act reducing strains ahead of the crack tip, inside the 

material. 

 

Figure 10: Toughening mechanisms in ceramic composites for Mode I opening and Mode III Out of plane 

shear. The figure shows both intrinsic mechanisms (ahead of the crack tip) and extrinsic mechanisms 

(acting behind the crack tip). Fibre bridging, grain bridging, crack deflection are reported for mode I and 

roughness and adhesion are reported for mode II. 

 



 

57 

 

 

In the illustration is possible to see the effect of deflection that microcracking or grain boundaries 

have on the propagation of the crack, or the effect of elongated bridges behind the crack tip acting 

as perpendicular barriers against crack propagation. Further mechanisms that can act to toughen a 

material in the propagation of a crack in composites include interfacial roughness in lamellar or 

brick/mortar composites and adhesive effects. These mechanisms will be described more in depth in 

the following paragraphs when considering natural materials such as bone and nacre. Fracture 

resistance is a key factor when considering permanently deformable materials, and it is often 

underestimated when using linear-elastic fracture mechanics assumptions[69]. The determination of 

the R-curve behaviour is an important parameter in order to determine the presence of toughening 

mechanisms in the material under study. Examples can be found in the formation of bridges behind 

the crack tip, that will initially increase the energy needed for crack propagation but will eventually 

reach a plateau due to the same, constant number of bridges behind the crack with increase in crack 

length. 

 As discussed previously, ceramics represent a non-tough class of materials. Several attempts made to 

increase their toughness result, typically, in a decrease of strength or hardness. This is usually due to 

the use of composites with scarce adhesion at the interfaces between the different phases in the 

materials, that promote the propagation of damage. Here is where nature comes first: by combining 

readily available compounds with poor mechanical properties, nature is able to create composites 

which exhibit higher strength and toughness than what is usually measured for their single 

components. Main examples can be found in nacre, dentin and bone[70]. Figure 11 shows, as an 

example, the difference in mechanical properties exhibited by pure aragonite (the mineral 

component of nacre) and hydrated nacre (composed of over 95 vol.% by aragonite). Pure aragonite 

shows a stronger brittle fracture behaviour whereas hydrated nacre exhibits a less stiff behaviour 

with a higher toughness. For this reason, in the past few decades, scientists have been trying to 

mimic nature by creating composite materials with a defined hierarchical structure (structures 

organised on a multi-level scale, from nano to macro), in order to increase the toughness with the 

introduction of an organic polymeric phase (sometimes using a metal as the soft phase), and at the 

same time, preserve the properties of high strength and stiffness of ceramic materials.  
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Figure 11: Tensile stress vs. strain curves of pure aragonite (main inorganic component of nacre) and 

hydrated nacre (polymer/ceramic composite). Adapted from [71]. 
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“…and the beauty and strength of the mechanical construction lie not in one part 

or in another, but in the complete fabric which all the parts, soft and hard, rigid 

and flexible, tension-bearing and pressure bearing, make up together.” [72] 

 

1.3 Natural Composites 

Most biological materials exhibit unique properties which make them highly attractive in the field of 

research and improvement of new synthetic materials. The ability of most biological structures to 

self-assemble in a “bottom-up” process, and, even without the presence of a pre-existing scaffold, 

realise complex architectures, was first studied in 1917[72] by D’Arcy W. Thompson. In his piece of 

art “On Growth and Form”, Thompson sweeps through concepts including assembly, mathematical 

structuring of naturally occurring materials such as horns, bones and shells, and the important 

intimate relationship between the different constituents of a natural composite. 

 

One of the most important features of natural materials is the ability to organise their architectures 

in structured levels from nano- to macroscale. This structural arrangement defines the final 

mechanical properties, such as strength, toughness and flexibility, and confers singular 

characteristics to each material. To date, there are not many synthetic materials capable of showing 

the properties of biological multilevel architectures. This concept has been widely explored by Sen 

and Buehler for materials such as seashell, bone or diatoms[73]. The term hierarchical control 

describes the arrangement and organisation of any structure comprised of multiple parts working 

singularly and simultaneously at different length scales towards the creation of a more complex, 

homogeneous and optimised system. This system strongly requires all of the subparts which it is 

comprised of in order to work efficiently. The problem of hierarchical control in complex structures 

is often associated with IT networks, army hierarchy, business aggregation or governmental bodies 

pyramids[74]. Even if we could argue that those have nothing to share with natural organisms, since 

they are based on the concept of relevance, more than scale, there is an important principle of “co-

functioning” at the root of both, where each part of the structure becomes indispensable for the 

final success of the whole system. Many can be taken as examples in bioinspiration where a 

hierarchically organised structure plays the main role in the imitation of nature. For example some 
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bioinspired robots require a neural network translated in a series of commands, organised 

hierarchically and governed by a Central Pattern Generator (CPG) unit capable of providing the 

relevant signals for efficient locomotion in a system[75]. On the materials side, multiple 

interdisciplinary collaborations between different fields such as chemistry, materials science and 

biology have brought the field of bioinspired materials into a new light, showing the important 

interconnections between structures, aggregations and properties that were previously analysed 

independently and not through the study of a hierarchically organised structure. Important results 

have been achieved in the reproduction of bioinspired materials where a hierarchical system is 

fundamental[76]. Among those we can report the synthesis of a bioinspired replacement for the 

inorganic component of bone through the production of hierarchically arranged porous structures 

using Bioglass®[77] and calcium carbonates[78], the production of seashells-like calcium carbonate 

structures[6, 79, 80] and reproduction of the structure of silica in sponges’ spicules[69]. In the 

following section the concept of control of the structured and organised levels will be described in 

terms of biological materials and synthetic materials with respect to techniques and architectures. 

The organisation of levels and architecture of a biological material, in terms of nano and macro 

levels, is regulated by several features[81]: 

• Structural constituents define the lower organisation levels. These are often organised in 

fibrous structures differentiated on a functional basis (e.g. collagen and keratin are present 

in different biological structures, as tendons, bones and muscles, divided by function). 

• The structural elements possess an orientation and organisation determining anisotropic 

directions, which reflect the directions of stresses applied to the materials. This particular 

phenomenon can be seen in bones (with a hierarchical longitudinal organisation in 

concentric cylinders) and in seashells (with a structure organised in parallel lamellae 

exhibiting high toughness and strength). 

• The constituents of the levels show a fine interaction (chemically tailored bonding of phases) 

between soft and hard phases translated in a carefully programmed interface. 

• With evolution and environmental changes, the biological structures are able to adapt and 

control the formation of complex architectures capable of showing high toughness and 

fatigue resistance.  

• The structures are often able to exhibit a self-repair mechanism. 
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Most natural hierarchical materials share these common characteristics and exhibit 

multifunctionality amongst their properties. Soft tissues are often protein-based and hard 

components are mainly built in calcium carbonates and phosphates, and silica. These components 

alone exhibit properties that are not particularly outstanding from an engineering point of view, 

they can often operate in a small range of temperatures or in only particular environmental 

conditions and they show low mechanical properties. However, when these constituents are put 

together into a hierarchically-structured composite, the final natural material gains interesting 

properties such as high toughness, strength and the capability to self-heal.  

The first studies on biological composites, like bone, mollusc shells and antler, and the strong 

correlation between the structural components of these materials, have been carried out by D. 

Currey from 1959 onwards[82-84]. Most of mollusc shells present a structure that sees the inorganic 

parts, usually calcium carbonate, bound strongly via thin layers of biopolymers. These structures 

present high toughness combined with high strength, a combination of properties which proves to 

be extremely difficult to achieve at the same time[85].  

 

  

1.3.1 Bone 

Just over 20 years ago, the structure of bone and all its complex and fine hierarchical constructs 

were not well understood[86]. The thorough study of its architecture led to a deeper understanding 

of the components themselves and the structures, but still leaves some questions open on the fine 

mechanisms, occurring at the nanoscopic level, regulating the re-formation of bonds and the 

intrinsic self-healing properties non-mediated by vascular flow[4]. Bone represents the main 

structural material in many organisms. Starting from the same building blocks being mineralised 

collagen fibrils, mainly composed inorganically by the mineral Dahllite (or carbonated apatite), bone 

can show different organisational types and structures and presents a variety of proteins constituting 

the organic part of this material[87]. We will focus mainly on the hierarchical organisation levels of 

whole long bone composed by both a cortical bone structure and a cancellous bone (or spongy) 

structure. This type of bone can present up to seven different hierarchical organisation levels that all 
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serve the sole purpose of optimising the structure’s responses under different conditions and make 

it suitable for a range of purposes. Among these there are: self-regeneration, structural and 

mechanical properties (to withstand different stresses such as compression, impact and bending). 

 

Figure 12: Illustration of the hierarchical multiple levels constituting bone. The scale goes from the 

macroscopic structure of bone, with both trabecular and cortical structures, through the microscopic 

Osteons organised in Haversian canals surrounded by fibres. On the edge of the nanoscale we find the 

mineralised collagen fibrils held together by interfibrillar non-collagenous proteins.  

 

Figure 12, shows the structure of bone, and part of its hierarchical architecture from the nanoscale, 

represented by the thin interfacial layer of non-collagenous proteins holding together the 

mineralised fibrils that constitute fibre arrays, to the microscale of the osteons made up by a series of 

Haversian Canals surrounding blood vessels that allow the oxygenation of the tissues. Onto the 

macroscopic scale, we find the division of long bone in trabecular (or “spongy”) bone and cortical 

(or “hard”) bone[68, 88]. As discussed by Fantner et al.[4], at the nanoscopic level it is possible to 

observe a brick and mortar structure where mineralised collagen fibrils are held together by a very 

thin “gluey” interface composed of non-collagenous proteins that not only have the function of 

holding the structure together, but act as sacrificial bonds able to break and reform upon fracture of 

the interface, underlining an intrinsic self-healing mechanism that results independent from basic 

cellular tissue deposition, but that lies completely in a materials’ composition. Upon fracture, this 

gluey interface produces the formation of bridges and hidden lengths (shown in Figure 13), which 
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are able to keep the structure together upon separation of the mineralised fibres. Fantner et al., in 

their work, hypothesise the nature of these bonds to be calcium-mediated, performed between either 

negative groups on the polymer chains or between polymer groups and the hydroxyapatite platelets. 

This very complex and intelligent aspect will be discussed further on, together with the importance 

of the presence of an organic thin interface in the realisation of these composites.  

 

Figure 13: Glue-like component holding together mineralised collagen fibres in bone. a1,2 Proposed 

mechanism of the polymeric bridges formation in between mineralised collagen fibres upon fracture. b 

AFM image of human bone segment showing mineralised fibres upon fracture, held together by a 

secondary “gluey” phase. Adapted from [4]. 

 

As previously reported, ceramics exhibit linear elastic fracture mechanics behaviour, with, usually, 

high stiffness and low toughness. Organic natural composites, instead, exhibit better properties in 

terms of combined strength and toughness combined. These properties depend partially on the 

anisotropic organisation of the hierarchical levels that impart the structure with properties varying 

with the direction of load application[89]. In the case of bone, higher compressive strengths are 

recorded in the longitudinal direction, where, in fact, the usual body load is applied. Bone presents, 

at several structural levels, both intrinsic and extrinsic toughening mechanisms. 
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Figure 14: Toughening mechanisms in bone. Both intrinsic and extrinsic toughening mechanisms occur 

in the micro and nanostructure of bone. Mechanisms of microcracking due to the presence of osteons 

perpendicular to the crack front, occur ahead of the crack tip, whereas collagen fibril bridging occur 

behind the crack tip promoting an r-curve behaviour. Adapted from [68] 

 

 

Figure 15: Typical linearly rising R-curves Kr(Δa) for hydrated cortical bone. Adapted from [65]. 
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As shown in Figure 14, Launey et al.[68] have highlighted the importance of mechanisms acting 

ahead of the crack tip and behind it, at the nano and microscopic level, on the final mechanical 

properties and high toughness of cortical bone. The presence of osteons positioned longitudinally in 

respect to the crack propagation, promote mechanisms such as microcracking or crack deflection, 

and the presence of collagen fibrils forms bridges behind the crack tip, resulting in a rising R-curve 

behaviour in the final composite (shown in Figure 15). At the nanoscopic scale as well, mechanisms 

such as fibrillar sliding and molecular uncoiling increase the final toughness.  

 

 

1.3.2 Nacre 

On a similar level we have the example of Nacre, a natural composite material, also known as 

“mother of pearl”, which can be found in many mollusc shells, particularly in abalone shells. This 

material is usually identified by its peculiar optical properties where an iridescent colour 

distinguishes it from other materials[90]. The reason for the iridescent colour of this material is due 

to its internal microstructure. A detailed description of the shells can be found in the work by Lin et 

al.[91]. As shown in Figure 16, the complete structure of the Abalone shell can be divided in three 

main parts: the mantle (the inner surface of the shell), Nacre (middle layer- a few mm thick) and the 

external prismatic layer (0.5-3mm thick), where the organisation of the inorganic platelets grows 

perpendicular to the one of Nacre[92, 93]. If focussing on the nacreous layer, it is possible to 

observe a hierarchical organisation in which the meso-layers of the structure are organised in a brick 

and mortar architecture[94, 95]. The bricks are composed of Aragonite (crystal form of calcium 

carbonate, CaCO3) and present a hexagonal structure with widths of about 6-10 µm and thicknesses 

ranging from 200 to 600nm (as shown in Figure 17 and Figure 18). These different thicknesses are 

the cause of optical scattering of the light with different wavelengths, causing the superficial 

iridescence mentioned beforehand. The bricks are glued to each other by thin layers of organic 

polymers (polysaccharide β-chitin, composed of fibrils having 8 nm diameter[96]). The organic 

biopolymer layer is highly cross-linked and disposed in a sandwich between two hydrogel layers in 

contact with the inorganic aragonite structure[97, 98]. The inorganic bricks are moreover held 

together by mineral bridges that provide further strength to the structure. Lopez et al. [99] describe 

the process of growth of nacreous structures as the nucleation and growth in height of the CaCO3 
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aragonite plates enhanced by the formation of the organic biopolymer. It is known that the 

structure of nacre originates from the high control that the organic matrix exerts on the formation 

of the inorganic part. The aragonite crystals grow in width more than in height, giving rise to a brick 

and mortar composite formed by the alternating of hexagonal inorganic platelets, held together by a 

thin organic layer which previously constituted the matrix of origination of the structure[100]. In 

Figure 17 it is possible to see the mechanism of nucleation and growth of Nacre starting from the 

organic polymeric matrix and allowing a longitudinal growth of the platelets until complete contact 

between the hexagonal bricks. 

Synthetic nucleation of nacre-like layers has been stimulated on glass by different research groups in 

the past decades, showing an increase in speed of growth of the nacreous structures in vitro and a 

differentiation of the inorganic phase deposited[92, 101].  

 

 

 

Figure 16: Example of a biological hierarchical organization of the natural composite Abalone Shell. In the 

figure several levels are evident from macroscale to nanoscale organisation. On the mesoscale, the shell is 

organised in three main layers: Mantle, Nacre and Prismatic Layer. On the microscale nacreous level, it is 

evident the structural organisation in bricks of aragonite layered with the organic polymeric phase (the 

chitin matrix).  

 



 

67 

 

 

This type of structure exhibits properties dependent on the thickness of the layers, the roughness, 

the chemical composition of the two materials and the strength of the bonds between the surfaces.  

 

Figure 17: SEM micrographs of nacre-like structures: nucleation, evolution and tiles formation. a) 

Formation and growth of aragonite plates nucleating on the surface of an organic polymer layered in 

between the plates (adapted from[94]). b) Completely grown structure and the micrometric tiles (adapted 

from[102]). 

Figure 18 shows the different toughening mechanisms taking place in nacre when a crack is 

propagating perpendicularly to the lamellar planes. The brick and mortar structure itself is the main 

responsible for the mechanism of crack deflection during either pull-out or bending stresses. On the 

nanoscopic level, the bricks present a rough surface that increases the sliding friction and promotes 

the formation of a rising R-curve behaviour together with the presence of mineralised bridges 

holding the inorganic platelets together. Most scientists in the field have been researching on the 

main causes responsible for the toughening mechanisms, however the debate continues. Many think 

that the organic adhesive interlayer plays a very important role in toughness, whereas others 

attribute this to the dove-tailed shape of the bricks that leads to interlocking upon crack propagation 

and shear as proposed by Espinoza et al. [5]. 
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Figure 18: Toughening mechanisms occurring in nacreous structures.  Nacre shows a multitude of both 

intrinsic and extrinsic mechanisms. The simple brick and mortar structure of Nacre, together with 

microcracking events, promotes the deflection of cracks increasing toughness. The surface of the inorganic 

platelets exhibits roughness (black) which makes crack propagation harder due to asperities friction and 

interlocking, the presence of mineral bridges between the platelets contributes as well. Interlocking occurs 

due to the dove-tail shape of the platelets, and the polymeric glue (red) between the platelets promotes 

further strength in the structure (adapted from,[95],[103-107]). 
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The organic layer is extremely thin (tens of nanometres), however, unlike other adhesive, it does not 

show brittle properties when set. Instead it allows crack deflection in between the platelets and 

shows good adhesion properties and elongation/bridging upon breakage[108]. The thin protein glue 

layers are believed to promote the extremely high fracture toughness in nacre. 

The grain bridging mechanisms help contributing to an elastic behaviour to the application of an 

initial load. The behaviour is elastic until the load becomes so high that the frictional resistance 

between the bridged interfaces is overcome and the surfaces start to slide. When the load is ceased, 

the structure will relax elastically with bricks sliding to their initial position. From these mechanisms 

of loading and unloading an hysteresis curve can be observed[109]. From each cycle the energy loss, 

due to the materials imperfections, can be calculated as the area described by the curve. The result 

of mineral bridging and tile sliding produces an increase in the toughness of the material due to a 

reduction of near-tip stresses. Furthermore, to increase the effect of toughening, surface roughness 

reduces the sliding of the tiles by dissipating the energy onto the asperities themselves. Microcracks 

occurring in the bricks and crack deflection represent other two of the possible mechanisms with 

which the material absorbs the energy from an applied stress. This results in the material’s 

development of a specific R-Curve behaviour as shown in Figure 19. 

 

Figure 19: R-Curve for nacre describing the behaviour of the material when subject to stress under crack 
propagation. The graph shows a rising R-Curve, demonstrating the effects of the toughening mechanisms 
in the architecture due to the effects shown in Figure 18 (adapted from[98]). 

Nacre shows toughness up to 3000 times higher (in terms of energy) than its inorganic component 

aragonite, ranging around 2.9MPa m1/2, and, in terms of work of fracture, JI values range around 1.5 
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kJ/m2 [110], flexural strengths of the order of 100MPa[71], and Young’s modulus around 70GPa 

(80-250GPa for bulk aragonite) [111-113]. 

 

1.3.3 Silk 

Another example of a biological material with a highly complex hierarchical structure is silk (Figure 

20). The nanoscopic aggregation of the silk peptides is the main factor responsible for the 

outstanding strength that the final composite exhibits. Nanometric β-sheets are stacked together in 

nanocrystals, where each sheet is linked to the other via hydrogen bonding[114]. These crystals, held 

together by a semi-amorphous phase consisting of amorphous β-structures, form a hetero-

nanocomposite which is able to withstand high tensile strengths. This is due to the fact that the β-

sheet nanocrystals act as a strong crosslinker in the amorphous structure, and, during extension and 

uncoiling of this, they retain the strength of the composite and act as reinforcement[115]. Keten et 

al have been carrying out estimates through mathematical models in order to analyse the influence 

of the shear and bending in the β-sheet nanocrystals and found elastic modulus E=22GPa and Shear 

modulus G=4.6GPa.  

 

Figure 20: Hierarchical organisation of the structure of spider silk. The image shows the complex 

structure from a macro to mesoscale, where strong silk fibres organise in a concentric assembly of skin and 

core wrapped around silk fibrils, to the nanoscale, where the main strength of the final composite comes 

from a nanometric aggregation of β-sheets held together by hydrogen bonds into Nanocrystals dispersed in 

a semi-amorphous phase.  
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 On the macroscopic level, spider silk can be found in two different compositions: MA silk (the 

strong silk of the web frame) and Viscid silk, the sticky silk produced in the spiral orb-web. These 

two silks show completely different properties that have been reported in Figure 21. MA silk has 

stiffness of 10 GPa (0.003 GPa for viscid silk), strength of 1.1 GPa (0.5 GPa for viscid silk) and 

toughness of 160MJ/m3 (150 MJ/m3 for viscid silk)[116]. 

 

 

Figure 21: Stress vs strain curves of spider araneus diadematus MA silk and Viscid silk. Einit indicates the 

initial Young’s modulus of the composites. Adapted from [116]. 

 

These structures show how fundamental is a hierarchical organisation in biological materials, and, 

more importantly, how this strongly influences the final properties of strength, toughness and 

healing. We can identify here a pattern, where strong and tough and self-healing biological 

composites, present fine nano to microscopic brick and mortar composite structures, where the 

bricks are stiff and the mortar component forms thin interfaces to hold the structure.  
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1.3.4 Self-repair in Nature 

Another important property of natural materials, and often an overlooked one in the process of 

making synthetic materials, is the ability to self-heal at any level (macro to nano). Many animal 

organisms show self-healing capabilities beyond simple wound healing. Organisms such as 

earthworms and starfish are able to completely re-grow entire mobile parts of their body, lizards can 

regenerate their tail after detachment and salamanders can regenerate most of their limbs and part 

of their internal organs, while sea cucumbers are able to completely heal their internal organs[117]. 

Although not as spectacular, the human body is amongst the most renowned examples in self-

healing. Multiple parts of our complex organism are able to regenerate after damage. Processes of 

superficial wound healing for example, take place in a cascade of events including blood platelets 

collecting at the wound site, coagulation and clotting followed by the steps of proliferation of cells 

and remodelling[118]. Bone healing is another important process occurring in the body. After 

fracture, reactive, reparative and remodelling phases take place in order to regenerate the bone[119]. 

An important feature of these problems relies in the high vascularisation of the organs in need of 

repair. Readily available access to blood constituents and oxygenation is an important step for the 

homogeneous and rapid repair of tissues. These mechanisms of self-healing can be classified as 

active, as their functioning is mediated by cells actively remodelling the damaged structure. An 

example of passive self-healing in nature can be found in bone. Fantner et al.[4] describe the 

presence of sacrificial bonds existing at the nanoscale between mineralised fibrils holding the 

structure together and being able to break and reform autonomously as explained previously. The 

organic phase in many natural materials, can impart passive self-healing properties to the composite, 

allowing re-generation (as happens for skin and bones for example) of a damaged area. Whereas for 

skin and bone the self-healing process could be encompassed in the architectured-healing category, 

for structures such as shells the healing process is mediated by the polymeric bonds between the 

laminar structures. As recently studied by Messersmith et al.[120] metal-ligand coordination in the 

cuticle of molluscs is responsible for the adhesive, self-healing and toughening behaviour of their 

shell. These bonds, where a dihydroxy-phenylalanine (DOPA) is bound with small amounts of iron, 

under stress, allow the dissipation of energy in small extensions of the chains reducing the 

probability of crack propagation of the material and at the same time acting as sacrificial bonds in 

the structure, providing increased toughness and self-healing capabilities. By studying the behaviour 

of this glue-like material, Messersmith’s group has been able to control (via optimisation of the pH) 
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the interpolymer crosslinking with iron, obtaining polymer gels able to vary their elastic moduli 

under different pH conditions. Many groups are basing their research in self-healing materials on 

“passive” intrinsic and autonomous models where the material does not require any external 

intervention and the healing occurs at a molecular level. 

 

The times of healing in natural organisms are however considerably long, with some of them taking 

up to years for full regeneration (in the case actively-driven self-healing mechanisms). In the case of 

self-healing synthetic materials it is possible to take advantage of some of the examples from nature 

(e.g. the use of vascular networks as explained in 1.1.2), but is important to consider that, in 

engineering settings, materials are required to heal much faster than organic tissues, with response 

times of the order of days maximum.  

These and many others are the considerations that need to be taken into account during the process 

of formulation of a new material. It is important to understand the techniques of nature and the 

advantages that natural materials present, however it is relevant to keep in mind the adaptability of 

these processes to an engineering-based application.  
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1.4 Bioinspired Composites 

 

The word composite describes a class of materials designed by nature or synthetically produced in 

laboratories, made from more than one phase (constituent), that show physical or chemical 

properties that highly differ from the ones exhibited by the singular materials constituting the 

composite itself. There are only two main components for biological composites as mentioned 

beforehand: minerals (imparting stiffness and strength to the composite) and biological polymers 

(making the material tough and ductile at the same time)[69].  

 

1.4.1 Hierarchical control 

 

Through this and many more examples it is easily understood that nature can be one of the main 

sources of inspiration for synthetic materials. Considering a man-made material, however, many are 

the problems that need to be taken into account during the process of imitating nature. Firstly, from 

the microstructure to the macrostructure, it is important to understand and consider the multilevel 

architectures of a composite or scaffold in order to optimise the properties of the final material. The 

macroscopic properties of a material, in fact, depend on the microscopic and the mesoscopic 

arrangement inside it. Cellular ceramics represent an important example of this. For several years 

the production of ceramics had been focusing on procedures to carefully avoid the 

presence/formation of porosity[121]. However, the use of cellular ceramics in refractory industry 

opened a view on the insulating, high specific strength and lightweight properties that open or 

closed porous materials can exhibit[122]. It is therefore important to obtain a proper control of 

shape, size and porosity in order to tailor the macroscopic properties of a material. One of the 

problems found in the production of cellular ceramics with complex architectural arrangements has 

been the removal of the pore-forming agent after the casting of the material, leading, in some cases, 

to a non-environmental friendly material. Several processing routes have been lately developed in 

order to avoid this problem, many have been reported in a comprehensive review by Studart et 
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al.[123]. Main examples are represented by replica[124], direct foaming[125], gel casting[126], and 

freeze-casting (part of sacrificial templating techniques)[127]. Much attention has been given to the 

last one because of the ease of processing of the samples, cost-effective production and the use of an 

environmentally friendly solvent: water. (The technique will be described in details in the following 

chapters.) 

It is moreover important to distinguish which characteristic to borrow from nature. Biological 

materials are, for example, only composed of a few constituents such as silica, calcium phosphates 

and carbonates. Synthetically instead, it is possible to choose from a wider palette of components to 

be used in multilevel architectures, e.g. stronger materials, or materials more suitable for different 

external conditions such as elevated temperature or pressure, or humidity[81]. For example, it has 

been observed that some mollusc shells exhibit higher toughness and flexibility under increased 

moisture, with a simultaneous reduction of stiffness[128]. From nature, it is important to gain 

greater understanding of concepts like adhesion, healing, mechanics and architectures, and then 

transfer them to synthetic materials with appropriate techniques. A hierarchical understanding of 

natural structures is of great importance in bioinspiration; for example several studies have shown 

that the use of layered structures increases the toughness of materials, and a particular attention to 

the size of the layers in metal/metal, polymer/polymer and glass polymer composites can produce 

even higher toughness by simply reducing the thicknesses of those layers[129-131]. 

Multiple kinds of hierarchical synthetic organisations can be distinguished. Fibres belong to a one-

dimensional hierarchy. In fact, polymeric fibres can have an internal arrangement in a hierarchical 

structure based on bi-dimensional organisation of crystalline vs. amorphous domains[132]. Carbon 

fibres are another example of a hierarchical organisation where the microstructure is organised in 

graphite crystallites domains arranged in different structures depending on the precursor used 

(Polyacrylonitrile, PAN or Mesophase pitch, MP)[133]. Laminate materials represent an example of 

materials with 2-dimensional hierarchy. The main example being steels, many have analysed the 

properties of laminated structures of different steels fused together in a composite and proved a 10-

fold increase of the impact energies[134] and 34% of toughness due to high delamination and crack 

deflection[135]. The final class, three-dimensional hierarchical architectures, such as nacre, 

composed of several hierarchical organisations of the inorganic and organic components, represents 

the most complex and parametric class. Structures in this category normally show higher absorption 

energies than laminates. However they require a much finer control of the shape and size of 
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secondary phases, strength, flexibility and impact resistance, interfacial energy and bonding, and, 

importantly, the effect created by the internal stresses generated by default during the assembly of 

the different phases into a composite[136].  

In this work, the concept of three-dimensional hierarchical architectures will be explored, with 

relevancy given to the mechanical properties, choice of components, and structural architecture. 

Keeping nacre and bone as basic inspiration for this work, several possibilities for structural 

composites will be taken into account, from brick and mortar to foam, passing through a thorough 

analysis of the interfacial adhesion properties between the single components.  

 

 

1.4.2 Mechanical Properties 

As previously discussed, the mechanical properties in natural materials depend on their basic 

constituents. In order to understand the important balance between strength and toughness in 

natural materials and composites, in Figure 22 we report the map for stiffness and toughness of 

biological materials. As evident from the picture, natural minerals such as hydroxyapatite (in red) 

and calcite exhibit high stiffness values but low toughness, whereas the opposite can be seen for 

biopolymers such as keratin (in blue)[137]. Biocomposites made of an inorganic and an organic 

part, such as teeth, mollusc shells and bones, exhibit high stiffness and toughness at the same time. 

The reason for this resides in the properties that the single components can impart to the final 

hierarchically arranged structure: biopolymers are able to provide ductility and fracture resistance to 

the composite, whereas biominerals provide stiffness and strength[63]. For this reason material 

science is highly focussed around natural composites for their properties that can be finely tailored 

through architectural design and chemical composition.  
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Figure 22: Wegst-Ashby diagram for biological materials showing the properties of toughness and Young’s 

modulus. Mineralized composites are shown in green and red indicates the biominerals. In blue, the 

polymeric composites are highlighted. As shown in the picture, natural ceramics such as Hydroxyapatite 

(HA) and common minerals exhibit lower toughness if compared to mollusc shells or bone. Adapted from 

[63, 69, 137].   

 

As of today, many objects of common use have taken inspiration from nature for their realisation. 

In the field of aero and fluid dynamics for example, we can find trains taking inspiration from bird’s 

beaks to reduce the air resistance, and cars (like the Mercedes Benz) inspired by the structure of 
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boxfish due to its hydrodynamic stability during swimming. The main question is: what are the 

main structural elements that need to be taken into account during the application of bioinspiration 

concepts to man-made materials?  

From the nanoscale to the macroscale, the parameters to take into account are diverse. At the 

nanoscale it is important to consider the basic design of atoms and molecules in coherent structures 

aggregated in nanostructures, where the careful understanding of defects plays an important role. At 

the microscale, the fine-tuning of the size of grains with their morphologies and structures and an 

overall tailoring of the grain orientations, gains relevance. In natural materials for example, the size 

of mineral nanometric grains is tuned to provide the highest strength in combination to the highest 

flaw tolerance[138]. For composites, on a mesoscale level, it is important to consider phase 

relationships and transformations. More importantly, the thorough understanding and tuning of 

the interfaces present in a composite at all length scales, represents possibly one of the major 

influences on the mechanical properties of the final construct[81]. Many are the challenges that 

need to be faced in order to create new materials, both in synthetic route and for the potential 

applications. Some of the challenges reside for example in the creation of materials able to 

withstand wear and have low friction coefficients (in case of a biomedical approach to materials for 

joint replacement)[139], have an adaptability to a wide range of external factors such as pressure, 

temperature and humidity (by fine tuning of the hierarchical structuring[140]), being self-healing 

and self-assembling (where the latter is inspired by the natural process of biomineralisation[141-

143]), acting as sensors and optical devices[144] and, mechanically, showing properties such as 

strength, energy absorption and toughness, and exhibiting durable and strong interfaces to hold 

hard and soft phases together[145-147].  

Examples of innovative materials created through bioinspiration concepts have been realised by 

many research groups. For example, Yoon and Park[148] created a shock-absorbent bioinspired 

system through the use of close-packed microglasses and an external metal enclosure. Their material 

is the result of studies on natural shock absorbent materials such as the woodpecker’s beak, showing 

shock-absorption properties with the following characteristics: external high strength, internal 

viscoelastic distribution of the mechanical stresses, and suppression of the vibrations transmitted 

from the shock. 
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Another example of bioinspiration can be found in the studies of adhesion of biological systems 

such as the gecko foot. This system is completely covered in small bristles called setae. These bristles 

all bind with Van der Waals forces to surfaces. These forces, normally very small, get multiplied 

considering the density of setae over a gecko’s foot, enough to hold its weight[149]. Gorb and his 

group developed over the years adhesive films based on the formation of nanopillar arrays of PDMS 

through moulding and curing on a PMMA/Si mould[1, 150].   

Many more are the examples of bioinspired structures, however the next paragraph shows a more in-

depth review on man-made materials that take inspiration from nacreous structures as particularly 

relevant in the light of the work proposed.  

 

1.4.3 Nacre-like bioinspired materials 

The first synthetic production of nacreous structures occurred in 1989 by Jackson et al. in their 

work “A Physical Model of Nacre” when a number of glass layers were glued to each other in order 

to evaluate mechanical properties of this new material. This method, however, was only an attempt 

to a reproduction of a layered structure, still far from nacre. Several other attempts were made 

afterwards showing interesting results on the material’s toughness: it increased by reducing the 

organic content[129]. This result confirmed the importance of the use of an organic phase in 

between the layered structure in order not to obtain just a hard but very brittle material. This theory 

was supported by the results of Jackson et al. in 1990[111] where it is highlighted the fact that 

Nacre, even though having an inorganic aragonite content of 95vol%, is able to show fracture 

toughness up to 3000 times higher the one of bulk aragonite. In this study nacre is compared to 

several composites showing how important is the control of the ratio between organic and inorganic 

components. Although many have reported nacre-like structures by binding inorganic layers through 

the use of an organic adhesive, they remain in the domain of laminates, not using a brick and 

mortar nacre-like structure (e.g. the work from Zhao et al. in 2003[151]). Clegg in 1990 developed 

nacre-inspired composites by pressing and sintering silicon carbide powders[152] into thin sheets in 

order to reproduce the toughening mechanism occurring in nacre due to crack deflection through 

weak graphite interfaces. However this mechanism provided fracture toughness results of “only” 100 

times the ones from silicon carbides, not managing to match nature’s developments. In 2006 Mayer 

created a stacked brick/mortar structure using alumina platelets of 1 mm thickness and glued to 
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each other through a tape adhesive in order to control the layer thickness and organic content 

(maximum 89 vol.%)[108]. He discussed the benefits of different parameters in the optimisation 

process of a high strength/high toughness material. Firstly it is important to consider the advantages 

of smooth surfaces over rough ones in order to have a higher strength of the bricks and not present 

any point of weakness for crack propagation. On the other side however, bricks roughness favours 

both adhesion and toughening whilst sliding. He furthermore shows the importance to use a second 

phase with viscoelastic properties and with very low thicknesses being responsible for ligament 

formation during breakage and therefore toughening. As previously explained, toughness of nacre is 

obtained through a multitude of mechanisms and features such as surface roughness, mineral 

bridges and tiles architecture that impart toughening mechanisms to the material. None of the 

synthetic composites proposed so far exhibit the mechanical properties that make nacre so 

interesting, probably due to a lack of one or more of nacre’s design features.  

Multiple methods of layer-by-layer (LBL) deposition for composite formation have been used over 

the years in order to create bioinspired nacre-like composites. First attempts were made by He et al. 

in 1997 by ion beam sputtering deposition of Titanium Nitride and Platinum alternatively showing 

improved toughness[153]. Through the technique of sequential deposition methods using 

polyelectrolytes and clay, Tang et al.[154] produced a composite with similar strength and 

deformation mode to nacre’s, they however managed to obtain films of only a few microns 

thickness. The same technique was adopted more recently by Podsiadlo et al., who used the 

interaction between polyvinyl alcohol (PVA) and Montmorillonite (MTM) nanosheets[155]. Similar 

results to the work by Tang et al. were obtained. Layer-by-layer deposition was used as well in the 

production of polymer/CaCO3 composites by self-assembly and CO2 diffusion method by Wei et al 

in 2007[156]. Same approach, however employing colloidal techniques for the assembly of alumina 

platelets over spin coated chitosan, was used in the production of platelet-reinforced polymer films 

by Bonderer et al.[157]. In this work, Bonderer et al. have shown how, even low volume fractions of 

platelets (<15%) can withstand outstanding tensile stresses (around 2GPa), higher work of fracture 

than that shown by nacre, and Young’s modulus 10 times lower than nacre’s. All of these LBL 

deposition methods however have in common a difficulty in the production of bulk samples in 

more than a few micrometres thickness.  

In 2011 Barthelat et al. proposed a method to verify the importance of the dove-tail architecture of 

the platelets in the nacreous structure[6]. To do so, they cut to size PMMA platelets held together by 



 

81 

 

 

fasteners to simulate nacre’s behaviour, obtaining however a very weak material in tension, therefore 

not suitable for many applications, but to be taken as a model composite. 

Particularly interesting results have been achieved by Deville et al. and Munch et al. in the last 

decade[127, 158] by processing alumina and PMMA into nacre-like structures. The templating 

process used, was the freeze casting technique (which will be thoroughly explained in the following 

chapter), a process using the directional freezing of water-based ceramic suspensions to obtain 

porous lamellar green bodies. The nacreous structure and brick and mortar architecture were 

achieved by freeze-casting, sintering and uniaxial cold pressing of the material followed by a second 

step of sintering. The process was repeated two times. The porous structures were then filled with 

PMMA resulting in a composite material with high strength, toughness and an almost brick and 

mortar structure. Results showed values of fracture toughness and tensile strength of 30MPa.m1/2 

and 200MPa respectively. Interesting results can be observed if comparing the R-curves of these 

nacre-like materials and pure monolithic alumina: the first is a raising curve and the second is a 

stable flat curve with 1MPa.m1/2. More recent results by Bouville et al. have shown the use of ice 

templating techniques to obtain aligned platelets structures bound together by the freezing with 

glass precursors, able to form bridges between the micrometric platelets. In this work, the materials 

obtained only with inorganic components, reach flexural strengths of 470 MPa (with minimal 

degradation of properties at temperatures around 600 °C due to the lack of organic components) 

and toughness around 22 MPam1/2[159]. In 2012 another interesting method was developed by Erb 

et al. for the alignment of platelets and to create composites reinforced in different directions (as 

shown for example in the structure of bone, and seashells)[160]. The method consists in the use of 

reinforcing platelets or wires coated with superparamagnetic nanoparticles and exposed to small 

magnetic fields in order to align the reinforcement in different directions or to surround regions of 

high stress concentration. The applications of the methodology proposed by Erb et al. are multiple; 

it can be used to produce reinforcements for wear resistance, for graded structures or for modulus 

increase.  

 

1.4.4 Interfacial adhesion at the Polymer/Ceramic Interface 

One of the main causes for composites failure is related to the strength of the interaction between 

two materials at the interface. Layered structures and, in general, composite structural materials, are 



 

82 

 

 

highly affected by adhesion, since the pattern of failure is repeated several times throughout the 

whole sample. Without a proper balance between the strength of the organic phase and the 

interaction with the inorganic phase, when subject to stress, the structure (trying to dissipate the 

energy on the weakest points) will open fractures propagating along the interfacial planes (it is the 

case of nacre, for example). This could improve the toughness of a material but at the same time 

impair the strength. It is therefore important to consider the final application of the material and 

the optimal balance between strong adhesion (e.g. through grafting of molecules to a ceramic surface 

to enhance adhesion at the organic/inorganic interface) and weak adhesion. The problem becomes 

crucial when the materials used are in construction, biomedical field or for any structural 

application, due to the risks associated with composite failure in such important areas. A clear 

difference between interfaces with strong and weak interfacial adhesion at the organic/inorganic 

interfaces in structural composite materials can be observed in Figure 23, where a layered nacre-like 

structure is analysed in terms of flexural strength and toughness in both grafted (strongly adhered) 

and non-grafted modes in the work carried out on freeze-casted composites by Launey et al in 

2009[127, 161]. 

 

Figure 23 a) Typical stress/strain curve of nacre and hybrid composite brick and mortar composite realised 

by Launey et al. b) Differences between grafted (strong) and non-grafted (weak) interfaces in synthetic 

nacre-like structures. The data is reported in terms of flexural strength and fracture initiation toughness 

(adapted from[127, 161]). The results show an increased toughness and flexural strength of grafted 

structures if compared to non-grafted ones. 

From the figure above we can observe that both flexural strength and fracture toughness of lamellar 

materials are affected by a lack of interfacial adhesion. The non-grafted material, exhibiting the same 
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structure as the grafted one, shows worse mechanical properties when subject to stress. The 

material’s design should therefore always take into account the importance of interfacial adhesion 

between the two phases constituting a material. Varying the adhesion properties of a material means 

altering strength and toughness of the same. It is indeed important to avoid weak interfaces in order 

to enhance strength. Oppositely, to promote rising R-curve behaviour and toughening mechanisms 

inside a material, it is important to allow the crack to propagate along the interfaces created within 

the different components of a composite. This mechanism is more likely to dissipate higher energies 

and promote stable crack growth. It is therefore crucial to take into account the importance of the 

different properties shown in a composite towards its applications. 
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2 Aims and objectives 

 

The capabilities of structural materials to withstand use, wear and tear are limited. Their failure and 

replacement has huge economic and human costs. One of the big challenges for the upcoming 

century is the development of structural materials able to actively respond to their environment, self-

repair and recover their mechanical properties after damage. As in many fields, nature offers 

inspiration to address this problem. Natural composites such as bone or skin, combine unique 

mechanical properties with the capability to heal autonomously after damage through the use of a 

highly interconnected capillary network or sacrificial bonds breaking and re-forming interfaces at the 

microscale. Many researchers have focussed on the use of vascular networks, to build synthetic 

materials able to autonomously heal through the delivery of curing agents to the fractured site. 

However, these systems are able to heal only once in the same spot and they can incur in depletion 

of the healing agents after use. Another promising technique recently developed, is the use of 

reversible chemical bonds intrinsic in the material’s structure itself, where the healing process does 

not require external stimuli or continuous supply of healing agents. This method is commonly 

achieved in polymers, however, it presents a disadvantage: since the bonds are reversible, and can 

break and re-form repeatedly, they are weak and cannot provide structural capabilities. Furthermore 

these systems normally present a lack of different functionalities such as, for example, the sensing 

capabilities shown by skin. Natural examples such as nacre or bone suggest that the use of 

composites is a very appealing alternative. These ceramic-organic hybrids exhibit unique 

combinations of strength and toughness that are much superior to those of their components. This 

is possible thanks to their complex hierarchical designs. One of the key features of these designs is 

the presence of very thin interfacial soft polymer layers acting as “glue” between stiff bricks. These 

layers promote interfacial fracture and, in bone, a path for passive healing. However, one of the 

challenges is the development of processing technologies able to incorporate these design concepts 

into practical materials. The aim of this work is to incorporate the concepts borrowed by nature in 

bio-inspired designs to develop structural and functional materials able to fully and autonomously 

self-heal. In order to do so, the potential of using a soft, self-healing and shear-thickening polymer as 
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an interface encapsulated in a scaffold will be thoroughly analysed. Three different methodologies 

will be adopted in this work. Firstly, the soft phase will be encapsulated in a superlight graphene 

foam in order to obtain advanced functional nanocomposites able to self-heal and sense changes in 

pressure and flexion. Secondly, the same soft phase will be used as an interface in model brick and 

mortar composites to produce structural composites able to completely and autonomously self-heal. 

It is proposed that a self-healing polymer or polymer ceramic interface will allow material self-repair 

without the intervention of external stimuli and the need to localize the fracture and repair it in 

situ. To verify this hypothesis, several interfacial adhesive studies will be carried out through DCB 

sample testing. This concept will then be applied to ceramic scaffolds produced by freeze-casting 

technique, to review the effects of a self-healing polymer as a phase confined in a lamellar structure. 

The structure of these scaffolds will be manipulated and optimized by varying the parameters of the 

freeze-casting technique. In this case, the fabrication of nacre-like structures will be taken into 

account in order to fabricate materials with high-inorganic contents (above 80 vol.%) and thin 

interfacial organic layers (around 1 micron). Different properties will be evaluated, and a systematic 

study will be carried out on the role of the structure (the relative thickness of the organic/inorganic 

phases, the roughness at the organic/inorganic interface), the characteristic of the organic phase 

varying from soft to hard to self-healing and the adhesion at the organic/inorganic interface.  

This work will allow a deeper comprehension of the mechanical role of the organic layers binding 

the ceramic plates together in organic/inorganic composites and will open new paths towards the 

realisation and understanding of structural and functional self-healing composites. 
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3  Materials And Methods 

 

3.1 Sample Production  

3.1.1 Freeze Casting 

3.1.1.1 Brief)history)of)freeze0casting))

Being able to mimic biological composite materials is the goal of the last decade. As previously 

mentioned, this is due to the higher toughness and strength that these materials exhibit if compared 

to their synthetic analogues. However, while natural materials create their structures in a “bottom-

up” approach, by building crystals and blocks starting from molecules, synthetic materials still rely 

on a “top-down” process which attempts to re-create a structure from pre-made final components 

and assembling them in the final architecture[127, 161]. A relevant technique playing an important 

role in the biomimic process of nacre, and developed mainly in the last decade is the freeze-casting 

technique. The term freeze-casting encompasses the procedure of transforming a powder or a slurry 

containing water into a monolith by freezing the whole solution. The process has always existed in 

nature. It was, in fact, strongly suggested by Ping et al.[162] in 1988 that the natural freeze casting of 

volcanic ashes produces a material known as laminar opaline silica. Before that, in 1908, a German 

scientist, Lottermoser[163], published a paper on the freezing of hydrosols, reporting the first 

qualitative observations on materials with honeycomb structures formed by freeze-gelation[164]. The 

first studies on the technique, were carried out by Maxwell et al. in 1953, who report the use of the 

freeze-casting technique to build complex objects (such as turbo-supercharger blades) starting from 

high solid loading of refractory powders followed by freezing, sublimation and sintering[165]. 

Maxwell and co-workers used starch as a binder for the stability of the green body production. The 

Freeze-Casting process, also known as directional freezing, has been studied since the 1980s in the 

processing of porous materials. In 1985 Tong et al. studied the formation of porous materials from 

the freeze-gelation of polymers soluble in water: agar gels[166]. They carried out studies on the 

influence of the freezing rate to the final structure and porosity. At the beginning of the 21st 

century, the technique found vast application in the field of porous ceramics where it was employed 
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by many scientists in the attempt to re-create synthetically natural porous structures and for uses in 

the bioengineering field[167-170]. The technique of freeze-casting has evolved through the years and 

research has been carried out to correlate the freezing speed, mode, solid loading and particle size to 

the elements in the final architecture such as alignment, wavelength, porosity, surface roughness 

and bridging[164, 170]. 

 

3.1.1.2 The)technique)

The process of freeze-casting, requires the use of a solution of a ceramic (more infrequently polymer 

or metal) powder, binders and a solvent, which is then frozen with the use of a temperature gradient 

until complete solidification of the solution[161, 171]. This method has been studied for years and 

over the time, several solvents have been employed and the method has been used to produce dense 

materials as well[172, 173]. However the majority of the research has been carried out on porous 

structures templated by water. The technique in fact, also known as “ice templating” and 

“directional freezing”, uses the particular directional solidification of water to obtain ceramic 

scaffolds with complex cellular architectures[164]. Figure 24 shows the schematic of the apparatus 

used in the directional freezing of ceramic slurries. The slurry itself is poured into a Teflon mould 

positioned on the top of a copper finger. The copper finger is then cooled down by immersion into 

an ethanol bath, in contact with an outer chamber filled with liquid nitrogen, which keeps the 

temperature constant at the bottom of the cylinder. The temperature gradient is achieved with the 

application of a heating element at the top of the finger, which is controlled to provide different 

cooling rates. The temperature is measured at the top of the cylinder, in contact with the ceramic 

suspension.  

Different groups have experimented on a different setup composed of a double cold finger in order 

to stimulate the ice growth using bi-directional freezing[174, 175]. 
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Figure 24: Freeze caster apparatus for the production of ice-templated scaffolds. The figure shows the 

liquid nitrogen bath, cold finger with temperature regulated by heating elements and mould positioned 

on top containing the freezing ceramic suspension. 

 

The solvent, particularly water, when frozen directionally, exhibits a highly anisotropic behaviour. 

The ice crystals nucleate close to the cold finger and subsequently grow along the temperature 

gradient forcing the particles in suspension to redistribute in a “lamellar” arrangement (in absence 

of modifying additives). At the end of the process, the ceramic particles, repelled by the growth of 

the ice crystals, have formed a complex porous lamellar architecture shown in Figure 25 with 

porosities normally ranging between 2 and 200 µm[170]. The structures are then freeze-dried to 

allow the removal of the solidified water and to leave the remaining ice-templated structure that can 

be subsequently sintered.  

This peculiar behaviour is due to the formation, during freezing, of ice dendrites able to “push” 

together the suspended particles forming the negative of the ice template. The freezing front speed 

determines therefore whether a particle will be engulfed in the solidifying phase or pushed ahead of 

the front with a careful balance of the forces dominating attraction and repulsion of the particle to 

the freezing front[164]. Depending on the speed of the ice front, the size of the particles and the 

solid-load content in a suspension, there is a thermodynamic criterion for particle trapping by the 
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ice. Depending on the speed of the solidification front, a thermodynamic (energetic) and a kinetic 

condition must be verified. For low speeds, ice templating occurs if the free energy of the system was 

to increase with particle engulfment (energetically unfavourable). The criterion of “free energy 

absorption” by Omeny and Neumann states that[176]: 

∆!! = !!!" − !!" !≤ !0!!!!!!!!!!!!!!!(2.1) 

where !!"  and !!"!! indicate respectively the surface energies between particle-solid and particle-

liquid. If the system is subjected to low solidification speeds, condition 2.1 is enough for the 

adhesion of a particle to the solidification (crystallisation) front leading to particle engulfment. If 

instead the total free energy absorption is > 0, then the particle will be rejected from the front[177]. 

Korber et al. more recently propose a different condition to be satisfied during crystallisation [178]:  

∆!! = !!!" − !!" + !!" < !0!!!!!!!!!!!!!!!(2.2) 

where !!!" indicates the surface energy between solid-liquid.  

As the solid front speed increases, the thickness of this film will decrease until giving place to 

particle entrapment. This critical velocity ( !!)  can be expressed by the following kinetic 

condition[179]: 

!! = !
∆!!!!
3!" !!!!!!!!!!!!!!!(2.3) 

 

where !! is the mean distance between the molecules in the liquid layer, r is the radius of the 

particle and ! is the viscosity of the solution. However not all systems will behave in the same way. 

This can be due to different particle sizes, particle agglomeration and particle type. For example, 

studies have confirmed that the thermal conductivity of the particle can determine the formation of 

a concave or convex interface between the particle and the ice front[180]. In most of freeze-casting 

conditions the particles seem to be expelled by the ice front, making this not a significant issue. 

In order to template the formation of layered materials, it is necessary to form lamellar ice crystals 

growing in the direction of the temperature gradient. This means that the propagation of a stable 

flat solidification front should be avoided. Directional solidification of liquids has been extensively 

studied both theoretically and experimentally. The formation of dendrites (in metal alloys) due to 

instabilities in the system, was firstly modelled by Mullins and Sekerka. Their classic model describes 
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a growth instability affecting diffusion-limited growth in solid-liquid fronts. Any slight perturbation 

in the propagation of a solidification front, leads to unstable growth, as a “field” of instability 

concentrates around the peak of an imperfection. This phenomenon is similar to the effect of field 

accumulation in a lightning rod, increasing the speed of growth around the imperfection if 

compared to the growth of the planar front[181]. Less work has been performed on the 

solidification of suspensions, although the field is attracting increasing attention. Deville et al. in 

their recent work on cellular solidification of metastable suspensions, in case of low solidification 

velocities, describe the formation of a global instability inducing crystal growth on the plane 

perpendicular to the solidification direction[171]. 

Three different morphological regions (as described by Deville et al.) can be found in freeze-casted 

samples. The first zone is distinguished by isotropic nucleation and formation of homogeneous 

engulfment of the particles[182]. This is due to the formation of a super-cooled state just prior 

nucleation that results in a very fast (800 mm s−1), almost explosive, formation of ice crystals that 

does not provide time for the particles to organise or escape[183]. According to Deville’s model, as 

the freezing front slows down, it starts to assume a wavy shape due to a competitive growth taking 

place between different crystal populations, where some particles start to be rejected from the ice 

front. With the growth of the ice crystals, in fact, the front growth direction and the temperature 

gradient imposed, compete with each other causing a tilt of the ice front and the formation of 

dendritic ice crystals. These dendrites however, provide an important parameter for the production 

of nacre-like structures: surface roughness and bridging. These features have important 

consequences on the mechanical properties of the final ceramic scaffold. Mechanisms of interfacial 

shear and fracture of the bridges contribute to improve strength and toughness of these lamellar 

materials. Additives can be added to the suspension to manipulate the surface roughness[161]. As 

the speed diminishes the structure becomes initially columnar passing onto the final lamellar 

architecture shown in Figure 25. In the figure, the microstructure of a scaffold obtained through the 

freeze-casting of an alumina suspension organized in separate zones is shown. Closer to the copper 

plate, the material is dense and the porosity is not organized in structured lamellae. Cellular 

morphology of the material is produced at around 10µm from the copper plate and until 40µm 

when the lamellar organization starts to form. The resulting frozen structure is then freeze-dried in 

order to remove the water and leave a ceramic green body that will be then sintered at the required 

temperatures for the different ceramic powders to become dense and solid. 
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Figure 25: SEM micrograph of a porous freeze-casted scaffold, obtained by the directional freezing of 

alumina slurry, with associated ice morphology in the different stages of the freezing process. a) Cross 

section of the sample perpendicular to the ice front. b) Cross section of the sample parallel to the ice front 

in different stages. Closer to the plate of the copper finger the solution freezes amorphously. Around 10 

µm the ice starts nucleating in a columnar architecture that, around 40 µm becomes lamellar and 

preserves the same structure until the sample is completely frozen. c) Ice evolution/dendrite formation as 

the freezing front proceeds (adapted from [182]). 

 

The final scaffold structure results mainly in parallel lamellar domains arranged perpendicularly to 

the cold finger’s plate. Isotropic organization is observed in cross-sections parallel to the ice growth 

front if the slurry is directly quenched on the cold finger at low temperatures[182]. The disposition 

changes (as it can be observed in Figure 26 b), and becomes more anisotropic (showing a 

preferential domain orientation), when the slurry is frozen from the bottom with a controlled 

temperature gradient. The importance of the presence of the temperature gradient is highlighted by 

Deville et al.[182] in their work showing that the structure wavelength !, defined as the sum 
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between the thickness of the lamellae and the dimension of the pore adjacent to it, is strictly related 

to the speed of the ice front !: 

!~!!!!!!!!!!!!!!!!!!(2.4) 

where n is a factor dependent on the particle size. 

 

Figure 26: SEM micrograph of freeze-casted alumina structures cut parallel to the ice front growth. a) 

Isotropic arrangement after quick directional quenching and b) anisotropic arrangement after 

temperature gradient directional freezing (adapted from[182]). 

Furthermore, Deville et al. describe in their work the dependence of the lamellar thickness on the 

solid load content (or particle concentration) in the slurry. So far, however, the main difficulty of 

this technique has been found in the reproducibility of the lamellar organization with consistent 

and uniform domains of alignment perpendicular to the temperature gradient[170]. Several 

attempts have been made to control the freezing process of the ceramic slurry and much attention 

has been given to the control of the nucleation of ice [184].  

Roughness represents another important parameter to be taken into account during the design of 

bioinspired structures. Nacre in fact, as reported in Chapter 1, exhibits surface roughness on the 

inorganic bricks that is thought to contribute to the strength of the final composite. Munch et al. 

have been able to demonstrate the possibility to alter the roughness and the shape of the ceramic 

lamellae through the use of additives[185]. The main reasons behind this are linked to the 

modifications that additives have on the solid-liquid and particle-liquid interfacial energies and the 

degree of supercooling ahead of the freezing front. Furthermore, additives can alter the phase 

diagram of the solvent used and the viscosity of the solvent. The range of structures obtained in 

their work opens up several possibilities. Lamellar porous structures can be obtained by using 
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sucrose or no additives, cellular porosities can be obtained via additives such as glycerol, gelatin, 

zirconium acetate or sucrose containing citric acid. Furthermore the use of ethanol showed a 

bimodal lamellar distribution. At the same time many of these additives can alter the roughness of 

the lamellar walls. While sucrose created a rougher surface, the addition of ethanol helps to 

smoothen it and diminish the asperities.  
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3.1.2 Polyborosiloxane Synthesis 

The first step in the production of PBS was the synthesis of polydimethylsiloxane (PDMS). This 

polymer finds industrial uses depending on its molecular weight. High molecular weight PDMS is 

used in catheters, small-joints, pacemakers and reconstructive surgical implants or 

microfluidics[186]. Medium molecular weight PDMS is used in high temperature heat and hydraulic 

transfer applications[187] and Low molecular weight PDMS is used as a lubricant and for water 

repellent applications and can be furthermore found in cosmetics[188].  

For the production of the polymer, initially, 40 ml of dimethyldichlorosilane (Sigma-Aldrich 

>99.5%, SiCl2(CH3)2) and 80 ml of anhydrous ether (diethyl ether anhydrous, ACS reagent >99.0%, 

Sigma-Aldrich, (C2H5)2O) are mixed in a flask. Hydrolysis reaction is obtained by the dropwise 

addition of water. The reaction is exothermic, therefore requiring ceasing of reaction before further 

water addition, and forms hydrochloric acid (HCl) and, initially, dimethylsilanediol (DMSD)[189]. 

This compound is highly susceptible to polycondensation, giving rise to two reaction intermediates: 

cyclic dimethylsiloxanols and polydisiloxanols. Cyclic dimethylsiloxanols mostly undergo ring 

opening becoming linear siloxanols and undergo condensation reactions to form PDMS terminated 

with hydroxyl ending groups, with different molecular weights. The product is then washed multiple 

times in a saturated water solution of sodium hydrogen carbonate (Sigma-Aldrich ACS reagent, 

≥99.7%). The residual water is then drained using Sodium sulphate, Na2SO4, anhydrous (Sigma-

Aldrich, ACS reagent, ≥99.0%, anhydrous, granular). Finally polyborosiloxane (PBS) was obtained 

by the heat-assisted reaction at 200 °C of PDMS with 5 wt.% boron oxide nanoparticles (B2O3 

SkySpring Nanomaterials, Inc., average size 80 nm). For further experiments on different polymeric 

molecular weights, PDMS was purchased from Sigma Aldrich (25 cSt, 65 cSt, 750 cSt) and cross-

linked as received with boron oxide nanoparticles. 
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3.1.3 Graphene Production 

The following procedure was carried out by Drs Victoria Garcia Rocha and Salvador Eslava in order 

to prepare a water solution of graphene oxide.  

Tens of grams of graphene oxide (GO) were reproducibly and safely prepared in a custom-built rig 

with important safety measures to manipulate up to 10 L of concentrated acids. The rig consisted of 

two jacketed glass reactors of up to 5L mounted on a bench standing framework (Radleys, Essex, UK). 

Overhead stirrers (Heidolph) with PTFE propeller stirring paddles placed at different heights ensured 

vigorous mixing in the reactors. Oil in jackets was connected to a Huber Unistat recirculating chiller. 

Manipulation of liquids (e.g. addition of concentrated acids or transfer of slurry between vessels) was 

carried out using a software-controlled peristaltic pump with acid resistant tubing (Marprene). AVA 

software allowed online control of temperature in jacket oil or reacting mixture, mass addition and 

stirring. For the GO reaction synthesis in this rig, we adapted a recipe consisting of oxidising 

graphite with concentrated sulphuric and phosphoric acids and potassium permanganate 

(KMnO4)[190]. Unlike Hummer’s method[191], the absence of nitrates in our approach eliminated 

the formation of toxic NOx gases. In a typical synthesis, a 9:1 mixture of concentrated 

H2SO4/H3PO4 (3:0.3 L) was added to 24 g of natural graphite flakes (150-500 µm sieved, Aldrich), 

followed by addition of 144 g of KMnO4 (6 wt. equiv.). This produced a slight exothermal reaction 

to 35-40 °C. The reacting suspension was then heated to 50 °C and stirred at 400 rpm for 18 h. 

Next, it was cooled to room temperature and the oxidation was stopped by dropwise addition of a 

mixture of H2O2 and H2O (0.085:1.6 L). The graphene oxide suspension was washed by repeated 

centrifugations and re-dispersions in doubly distilled water. Centrifugation was safely carried out at 

9000 rpm in 1L Nalgene bottles in a 6L Thermo Scientific Sorvall LYNX 6000 Superspeed Centrifuge. 

This procedure was carried out until the supernatant of the centrifuged GO was close to pH 6, 

typically occurring after 16 cycles of washing. Two low speed (<1000 rpm) centrifugation cycles were 

typically performed to remove un-exfoliated graphite particles. The resulting flake distribution was 

evaluated via optical image (Figure 27) analysis and results in a flake size distribution are reported in 

Figure 28. The average flake size is calculated to be 33 ± 15 µm on an average of 80 graphene flakes. 
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Figure 27 Optical images of graphene oxide flake size distribution as produced. Pictures concession of Dr 

Victoria Garcia Rocha. 

 

Figure 28 Graphene flake size distribution obtained from optical images and measurement of over 80 

flakes through image analysis. Average flake size of 33 ± 15 µm.  

Thermogravimetric analysis of the freeze-dried graphene oxide was conducted in air at 10 °Cmin-1 

up to 800 °C in air to evaluate the presence of impurities. The equipment used was the TG 449 F1 

Jupiter Thermo-Nanobalance (NETZSCH). The lack of residues after burning indicates a clean 

sample (Figure 29).  
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Figure 29: TGA/DTA profile of freeze-dried graphene oxide flakes.  Data collected by Dr Victoria Garcia 

Rocha. 

About 15% of adsorbed water release can be observed up to 200 °C. The thermal decomposition of 

oxygen-containing functional groups (OCFGs) on the surface of the GO is observed at 200 °C and 

the combustion of carbon starts at 340 °C with a maximum weight loss at 440 °C. As mentioned 

before there is no residue after 450 °C. 

XPS analysis was carried out by Dr Ignacio Villar Garcia by using a VG Scienta R4000 HiPP-2 

analyser and a VG Scienta MX650 Al Kα monochromated X-ray source (hν = 1486.6 eV). X-ray gun 

power set to 200 W (16.7 mA and 12 V). The analysis provided the following elemental 

composition: 60.72% C, 38% O, 1.28% S. 
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3.1.4 Polymer manipulation 

In order to optimise the properties of the interface, it is possible to manipulate the organic phase at 

several levels. Possibilities include the variation of cross-linking degree of the PBS, the use of a range 

of different molecular weights, or the addition of a reinforcement in the soft phase. In this section, 

the latter option is explored. In the study of interfaces presented in the following chapters both 

results of PBS alone and PBS-rGO composites are shown. 

 

3.1.4.1 Incorporation)of)Graphene)Oxide)

The properties of graphene have been thoroughly and exhaustively described by many. Excellent 

electrical conductivity (~7200 S/m)[192], superior tensile strength (~150 GPa)[193, 194], Young’s 

modulus of 1 TPa[195] and outstanding thermal conductivity (~5000 W/mk)[192] are only some of 

the properties that this material exhibits. However these properties are mostly true only for single-

layer pristine graphene sheets that, up to date, can be produced only in very small sizes of about 20 x 

40 µm from mechanical exfoliation as reported by Tung et al.[196] and millimetre sized via CVD 

growth[197]. Due to its unique properties, graphene flakes have been often used as a reinforcement 

of polymeric and ceramic matrix. The use of graphene (or its derivates) as a filler in polymeric 

materials, for example, has been proven to enhance multiple properties of the host material, such as 

electrical and thermal conductivity, mechanical properties and impermeability[198]. The main 

advantage of using graphene as an additive is the extremely high surface-to-volume ratio of graphene 

sheets, that can exhibit specific surface areas around 2630m2g-1[199, 200]. Due to this property, it is 

possible to use very low amounts of graphene filler in order to achieve a significant variation of the 

thermal, mechanical or electrical properties. The use of exfoliated graphite has been shown for 

example to promote an increase of 87% in flexural strength of epoxy resin matrix with 0.1 wt.% 

filler[201]. Composites obtained by the dispersion of graphene in Polyurethanes show an increase of 

elastic modulus between 200-300% with filler between 2-4vol.%, and conductivities of the order of 

106 -107 higher than the original polymeric sample[202]. In order to promote the electrical 

conductivity of the interface and enhance the mechanical properties of the polymer, reduced 

graphene oxide (rGO) was added to the PBS in various wt.% as filler. This was obtained via 

ultrasonication tip, (UP200S SciMed, UK) for 1 h with set amplitude of 50% and cycle 0.5, of 

PDMS with rGO and subsequent cross-linking with B2O3 as previously reported. In order to have a 
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reference point, the filler content was decided based on literature values. A set of data collected is 

reported here: studies show percolation thresholds in volume fraction of 0.07 vol.% in PE[203], 0.1 

vol.% in PVA[204], 0.31 vol.% in PVDF[205], and 0.47 vol.% in PET[206], 0.75 vol.% in PEO[207] 

and 1vol.% in PVDF[208]. It can be seen how similar compounds can show different percolation 

thresholds. This is due in part to the ratio of the diameter (or longitudinal size, D) over the 

thickness (t) of the flakes. Another variable to be taken into account is the use of different 

dispersion techniques of the flakes inside the polymeric matrix, producing either homogeneous 

dispersion or clustering. The percolation threshold is well described in terms of electrical 

conductivity through statistical percolation theory defined by the following power law[209]: 

! = !!(! − !!)!!!!!; !!! > !! !!!!!!!!!!(2.5) 

where !  is the conductivity of the resultant compound, !!  is the effective conductivity of the 

dispersed phase, and ! and !! are respectively the volume fraction of the dispersed phase and the 

volume fraction reached at percolation. The parameter s is a constant called critical universal 

exponent and takes the values of 1.1-1.3 for 2-dimensional networks and 1.6-2.0 for 3-dimensional 

percolation networks. Starting from this law, several theoretical values have been extrapolated for 

the volume fraction at percolation threshold !!. However, real binary mixtures did not seem to 

generate parameters in accordance with the statistical percolation theory[210]. For this reason, 

multiple theoretical models were developed to try and include analytical values. Among these, a 

theoretical model that had been used for several years is the excluded volume theory described for 

disk-like particles by Balberg et al. in 1984[211] by the equation:  

1− ! !!.!!" ≤ !! ≤ 1− ! !!.!!" !!!!!!!!!(2.6) 

where the parameter α indicates the ratio D/t. This equation however describes solely the 

geometrical behaviour of exclusion occurring between topologically similar particles. More recently 

Li et al.[212] described a model which took into account, together with the geometry of the 

platelets, the geometrical random distribution of graphene platelets in a matrix, formulating the 

following set of equations:  

!!!! = 2! 1! !!!!!!!!!!!!!(2.7) 

!!!! =
27!
4

1
! !!!!!!!!!!!!!(2.8) 
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describing the system for 2D and 3D dispersions in a polymeric matrix and taking the name of 

“modified Li-Kim model” due to the assumption that the lateral size of particles is much bigger than 

the inter-particle distance. This assumption is correct near the percolation threshold. In 2014 

Mutlay and Tudoran developed a model that takes into account the effect of clustering through the 

parameter ! as described by the following equation[213]: 

!! = ! 1! !!!!!!!!!!!!!(2.9) 

where the increase of ! describes stronger agglomeration and clustering of particles in the polymeric 

matrix. For this reason, this model strongly depends on the method of dispersion of particles inside 

a matrix. The following paragraphs will describe the techniques used and results obtained for the 

rGO/PBS interfaces.  

 

3.1.4.2 Production)of)r0GO)and)dispersion)in)the)matrix)

A Graphene Oxide solution was prepared as described by Na Ni et al. [214], with a density of 

4mg/ml, and was frozen by immersion in liquid nitrogen. The suspension was provided by Dr Na 

Ni and Dr Victoria Garcia Rocha. The frozen GO dispersion was freeze-dried for 4 days and 

subsequently reduced in Ar/H atmosphere at 900 °C for 30 minutes. Flakes as produced before 

reduction show 10-20µm average lateral size, as shown in the work by Na Ni et al. 2014. In their 

study, the authors report an average lateral flake size of 2-3µm after sonication. Furthermore, TEM 

studies indicate that the flakes are mono to multi layers with a maximum layer number of ~15 layers 

and interlayer spacing of about 0.35 nm. Further details are shown in Chapter 4. These results were 

used in order to estimate an approximate range of lateral size (D) over thickness (t) towards an 

estimate of the volume fraction at percolation threshold in bimodal graphene/polymer systems. The 

results are reported in Figure 30 as a yellow area, and are compared with the three percolation 

models and the aforementioned theory: Excluded Volume Theory (in green), Modified Li-Kim 

Model (in red) and Mutlay-Tudoran Model (in blue). As evident, the results all show a value of !! 
included between 0.002 and 0.04.   
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Figure 30: Graph describes the volume fraction to percolation !!!dependency on the ratio D/t. Three 

different percolation theory models are reported: Excluded volume theory, modified Li-Kim model and 

Mutlay-Tudoran model.  The yellow area represents the D/t range calculated with this work’s data[213]. 

For this reason and from the literature results reported above, different concentrations of rGO in 

PBS were used during the experiment in order to evaluate the percolation threshold for our system. 

The values chosen for weight fraction were 0.05, 0.1, 0.3, 0.5 and 1 wt.%, calculated starting from a 

volume fractions range between 0.025 and 0.5 vol.%. The conversion was calculated considering a 

density for the reduced graphene oxide sheets close to graphite, around 2 g/ml and a density of the 

PBS around 0.98 ± 0.05 g/ml as determined via Archimedes method. The selected weight fraction 

of rGO was dispersed inside a solution of 40 wt.% ethanol LMw PBS. The dispersion was 

performed via sonication tip (IKA U-50 Ultrasonic Processor, IKA GmbH, Germany) for 30 min. 

The resulting black compound was then either kept dissolved for thin film preparation or dried in a 

beaker on a hot plate in order to evaluate the rheological and electrical properties of the bulk blend.  
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3.1.4.3 Analysis)of)r0GO/PBS)composite)

3.1.4.3.1 Influence,on,Electrical,Conductivity,

The electrical conductivity measurement of the composites rGO/PBS blends was performed on 

bulk blends using 4-point probe setup as explained later on. However, from all of the 5 tested 

blends, no passage of current was recorded, with consequent insulating behaviour shown by all of 

the compounds. For this reason, the sonication time was increased to 1 hour, as described 

elsewhere[215], in order to increase the chances for homogeneous dispersion. However, no 

conductivity was recorded for the samples tested. As a secondary modification, in order to reach the 

conductivity threshold, the content of rGO in PBS was increased up to 10 wt.%. Even this rGO 

blend did not exhibit any electrical conductivity. This result was attributed to the excellent 

insulating properties of siloxanes[216, 217] (and with it, PBS) and to the possibly non-adequate 

dispersion technique used. Furthermore, crumpling of the flakes and flake/flake contact need to be 

taken into account. In order to understand the reasons behind the lack of conductivity of the 

blends, the wettability and surface energies of PDMS and PBS on GO and rGO were tested. 

 

3.1.4.3.2 Contact,Angle,measurements,

Films of GO and rGO were prepared by drop casting on glass supports. Subsequent optical analysis 

was carried out and the results are shown in Figure 31. The results of contact angle measurement 

reported in Table 2 show low contact angles for both PDMS and PBS on both substrates of GO and 

rGO. In fact, the contact angles are below 10°, as shown in Figure 32, proving a very good 

wettability of the substrates.   
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Figure 31: Films prepared by drop casting of GO and rGO on glass. On the left, optical magnification 

images of the surfaces after drying. Images captured by Chiemi Avila Mori. 

 

 

 

Figure 32: Example images of contact angle measurements of PDMS on GO and rGO films as prepared. 
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Table 2: Contact angle measurement results for different substrates and solutions. 

Film Polymer Contact Angle (°) Surface Energy (mJ/m2) 

GO PDMS 7.6 ± 0.5 18.8 ± 0.5 

GO PBS 9.5 ± 0.5 18.7 ± 0.5 

rGO PDMS 6.9 ± 0.6 18.8 ± 0.5 

rGO PBS 9.8 ± 0.6 18.6 ± 0.5 

 

3.1.4.3.3 Rheology,measurements,

Rheology measurements were carried out on samples with the lowest (0.05 wt.%) and the highest (1 

wt.%) rGO content with thicknesses of 500 µm. The results reported in Figure 33 show how an 

increase of rGO content results in a bigger storage modulus when tested in high frequencies. This is 

noticeable even when handling the bulk material. The increase of rGO content therefore seems to 

improve the mechanical properties of the bulk material without compromising the shear-thickening 

response needed for the self-healing of the system under study.  

 

 

Figure 33 Rheological response of bulk PBS/rGO blends with different wt.% compositions. On the left, 

0.05wt.% rGO content and on the right 1wt.% rGO content. 
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3.2 Analysis Techniques 

 

3.2.1 Scanning Electron Microscopy 

Optical microscopy techniques are limited in the resolution by the wavelength of light. Electrons 

instead have a much shorter wavelength, therefore the attainable resolution between two points is 

greatly improved (from around 200 nm to less than 1 nm) by techniques using electrons instead of 

light for the analysis of surfaces. According to Abbè’s theory, the resolution limit (!) depends on the 

wavelength of the source, and in an optical system it can be defined as: 

! = 0.612 ∙ !
! ∙ !"#$ !!!!!!!!!!!!!!(2.10) 

Where n is the refractive index of the medium and ! is half the angle of the cone of light from 

specimen plane accepted by the objective lens. For this reason, the use of wavelengths shorter than 

the optical ones gives rise to higher resolving powers. Scanning Electron Microscopy (SEM) is a non-

destructive technique that uses a focused beam of electrons to create an image of the sample. Since 

the beam (energy 0.1 keV – 30 keV and diameter 1-100 nm) is focused by condenser lenses (as 

shown in Figure 34), it is only able to analyse a small area at a time, therefore, in order to create an 

image, the beam is used in raster mode where the electrons scan the surface line by line in order to 

produce a complete image. The interactions between the electrons and the atoms in the sample 

generate an array of signals containing information about the topography and the composition. The 

resolution of this technique can go up to 1 nm. There are various types of signals that are generated 

by the interaction between the beam and the sample. The size of the interaction volume of the beam 

with the sample normally takes the shape of a teardrop as shown in Figure 34 on the right side, 

depends on many factors including atomic number and specimen’s density and extends from 100 

nm to around 5 µm into the surface. Among these interactions we can find Secondary Electrons 

(SE-topographic analysis), Back-Scattered Electrons (BSE), Transmitted Electrons, X-Rays, light and 

current. BSE account for 10 - 15% of the total interactions and are formed by the elastic energetic 

(above 50 eV) interaction of the electrons with the nuclei of the samples’ atoms. To a bigger atomic 

number of the atom corresponds a greater BSE signal. Furthermore BSE show a higher interaction 

area than secondary electrons. A Secondary Electron detector is the most common in SEMs and is 

the one used in this study. Secondary electrons are usually produced by the inelastic scattering 
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interaction between the k-shell of the sample’s atoms and the electron beam, undergoing a great loss 

of energy[218]. Inelastic interactions give rise to Auger electrons, X-rays and cathodoluminescence 

signals as well as SE. The electrons expelled have low energies between 3 eV and 5 eV and are 

emitted at lower angles and shallow areas of the sample if compared to the other interactions. The 

generated electrons, being at low energy, are accelerated towards a scintillator and transformed in a 

signal of photons which is then conducted to a photomultiplier whose signal is displayed as the two-

dimensional image based on the intensity of the signal.  

 

Figure 34: Schematic of the internal chamber of an SEM microscope and its detectors and particular of 

the signals generated as a result of the interaction between the focused beam and the specimen. An 

electron gun generates a beam at energies comprised between 0.1 and 30keV. The beam is then collimated 

from 50 µm to 1-100 nm by magnetic lenses and directed towards the sample’s surface, around which 

multiple detectors are situated to collect the interaction signals. 

SEM samples have been prepared by gold coating or chromium coating them in order to avoid 

accumulation of charges on the surface and making impossible the observation of the topography. 

The gold coating was performed in a vacuum chamber via sputtering from a gold target for 2 

minutes at 20 mV producing a 10-20 nm coating. The microscope used was a Zeiss Auriga FEG 
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SEM FIB. The samples were analysed in SE mode and the images were obtained with a voltage 

ranging between 5 kV and 20 kV. 

 

3.2.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform-infrared spectroscopy (FT-IR) is a non-destructive technique developed for the 

compositional analysis of materials. The basic test for absorbance techniques, requires a 

monochromatic beam to be shone through a sample to a detector that records the absorbance of the 

sample at that single particular frequency. This method, however, is quite time consuming if it is 

required to analyse a broad spectrum of frequencies. The FT-IR technique overcomes this problem 

by means of a Michelson interferometer and a moving mirror.  

 

Figure 35: Configuration of a Michelson interferometer set for the analysis of samples in an FT-IR 

spectrometer. 
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As shown in Figure 35, a coherent light source, containing the full spectrum to analyse is shone 

through a beam splitter, which divides the beam in two and sends it to a stationary mirror and to a 

moving mirror. At this point the two split beams are reflected back to the beam splitter which 

recombines them together in a spectrum of frequencies due to constructive or destructive 

interference occurring as the moving mirror changes position. The moving mirror allows therefore 

scanning through a discrete number of frequencies for each position it assumes. The detector then 

collects the signal that passes through the sample, giving indication on the part and quantity of the 

spectra absorbed. This technique can be used for both quantitative and qualitative analysis. The 

normal broad spectrum emitted from the light source contains frequencies from near-infrared to far-

infrared. This allows for the analysis of molecular bonds thanks to the absorption of these 

frequencies by vibrational interactions with them. The spectra recorded, in absorbance or 

transmittance, depending on the region analysed, can provide data of harmonic vibrations, 

rotational-vibrational structure or rotational only (from near to far IR – higher energy to lower 

energy). The different vibrational modes of a molecule will determine its resonant wavelength, 

which will be the result recorded during spectroscopy and will allow the differentiation with other 

molecules. The rough data received by the detector is called interferogram. This data is then 

converted via Fourier transformation to the FT-IR spectrum for the analysis, expressed in 

absorbance over wavenumber (cm-1). The spectrophotometer used in this work was a Thermo 

Scientific Nicolet iS10 FTIR equipped with Smart Golden Gate for Single-Reflection Diamond 

ATR Analysis with OMNIC software. The experimental setup was firstly calibrated to take 

background noise into account and set to take 24 scans at a resolution of 8 LP/mm to form spectra 

between the range 4000-400 cm-1. The samples were in a viscous-paste state and analysed in 

absorbance. 
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3.2.3  Nuclear Magnetic Resonance (NMR) 

 

Nuclear magnetic resonance spectroscopy is a very versatile analytical technique which combines 

non-destructive features to an easy preparation of the samples. This technique utilises concepts of 

magnetic resonance and relaxation occurring in the nuclei of atoms. Depending on the number of 

its protons and neutrons, a nucleus will possess a spin that could be either 0, an integer, or a 

multiple of ½. The interaction of the nuclear spins (particularly of species such as 1H or 13C) with 

their surrounding can be exploited to understand the compositional data regarding a sample. This is 

achieved with the application of an external constant magnetic field interacting with the nuclei 

being examined. In NMR spectroscopy, in order to define the characteristic spectrum of a molecule, 

it is important to choose a reference standard, in this case TMS (tetramethylsilane), which acts as 

the zero point for the chemical shift. The chemical shift defines the “distance” from the zero point 

that a nuclei’s resonant frequency (in this work, for example, 1H) possesses due to its chemical 

surroundings, particularly the atoms and type of bonds it is connected with. This chemical shift is 

what is shown in NMR spectra, allowing the qualitative identification of compounds. In this work, 

solution-state 1H-NMR has been used in conjunction with a 400 MHz Brucker spectrometer 

running with Top Spin software. Samples for the analysis were prepared by dissolving 25 mg of 

polymer in approximately 0.6-0.7 ml of deuterated chloroform (CDCl3). The solution created was 

then transferred into a borosilicate glass NMR tube with 5 mm diameter for subsequent NMR 

spectroscopy.  

  



 

110 

 

 

3.2.4 Gel Permeation Chromatography (GPC) 

 

Gel permeation chromatography or GPC also called SEC (size exclusion chromatography) is able to 

separate macromolecules on the basis of their sizes and it is routinely used to analyse oligomers and 

polymers. Its basic working principle is centred on the use of a separation column filled with porous 

beads having different sizes of porosity. If the macromolecules eluted through the column are small, 

they will preferentially go through the pores, and therefore take a longer time to elute. 

Macromolecules with a bigger volume or radius of gyration will not be able to get through the pores 

and will therefore have a faster travel through the column and elute first. The analytes will pass 

through a detector able to continuously monitor the concentration by the weight of the polymer. 

This technique is a non-destructive quantitative technique that allows for the identification of 

molecular weights in short or big molecules, being an important tool used for polymer 

characterisation. It can also provide qualitative information and it has the advantaged that it only 

requires a small amount of sample (in the mg range). 

The machine used in these experiments is an Agilent Technology 1260 infinity used with column 

PSS SDU Linear M 5µm. Samples were prepared by dilution in a concentration of 1mg/ml of THF 

(tetrahydrofuran) and subsequently filtered with Whatman® syringe filter with 0.2µm porosity to 

obtain a highly clean product for analysis. Injection volume set was 20µl and the experiment was 

conducted at 35°C. The machine was calibrated with poly(methyl methacrylate) PMMA standard. 
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3.2.5  Rheometry 

Rheology studies the nature of viscous or elastic materials through external stimulation that could 

be oscillatory, steady, squeeze or pull. This test allows for the characterisation of the mechanical 

properties of a material vs. shear and time, accounting therefore for the behaviour of non-

Newtonian fluids. Compounds can be defined Newtonian when the following proportionality is 

true and ! is a constant: 

!
! = !!!!!! !!!!!!!!!!!!!!!(2.11) 

Here is described a system of two parallel plates of area A separated by a distance d with a fluid 

between them. One of the plates is stationary while the other moves at slow speed !!. F represents 

the force which is required to keep the free plate moving. The fluid is therefore subject to shear, and 

the parameter ! defines its viscosity as the ratio between shear stress and shear rate. Therefore, for a 

Newtonian fluid it is true that  

! = !!!!!!!" = !!!!!!!!!!!!!!!!!!(2.12) 

where ! represents the shear stress and 
!!!
!" = ! ! is the shear rate. When the ratio between shear 

stress and shear rate is not constant, the materials exhibit a non-newtonian behaviour that can be 

either shear-thickening or shear-thinning and ! is defined as apparent viscosity (Figure 36). 

 

Figure 36: Graph showing the different responses of a Newtonian material (shear rate proportional to 

shear stress, viscosity constant) or a Non-Newtonian material (either shear-thickening or shear thinning). 
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Complex rheological behaviours (e.g. non-Newtonian fluids) are difficult to analyse only through the 

parameter of viscosity, as the elasticity has to be taken into account as well: 

! = !!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.13) 

indicates the expression for the Shear modulus of a material (G). In order to describe a system 

comprised of both elastic and viscous components it is possible to introduce the standard linear 

solid model as shown in Figure 37.  

 

Figure 37: Standard linear solid model showing elastic components (spring, G) and viscous component 

(dashpot, !).  

The model can be described by the following equation: 

!"
!" = !

!!
!

!
!! !

!"
!" + !! − !!!!
!! + !!

!!!!!!!!!!!!!!(2.14) 

When the stress applied is oscillatory and the material is subjected to a sinusoidal shear deformation 

of type ! ! = !!!sin!(!"), there are three possible material’s stress response (!): 

1) If the material is an ideal elastic solid then       ! ! = !"!!sin!(!") 
2) If the material is an ideal viscous fluid then      ! ! = !"!!sin!(!"!+ !!/2) 
3) If the material has viscoelastic behaviour then  ! ! = !!!sin!(!"!+ !!) 

where !  and !  represent constants and !  is the phase difference between the oscillatory signal 

imposed and the oscillatory signal recorded. In case 1) the sample stress is proportional to the strain 

deformation. In case 2) the sample stress is proportional to the strain rate deformation and the 

constant of proportionality is the viscosity. In the complex case 3) of a viscoelastic material, the 

response contains both in-phase and out of phase contributions determined by the presence of the 

phase difference !. The contribution 3) can be re-written from simple trigonometry as: 

! ! = !! cos ! sin !" + !! sin ! cos !" !!!!!!!!!!!(2.15) 
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These responses have been visually rendered in Figure 38. 

 

Figure 38: Schematic of stress response of a set of materials showing elastic, viscous or viscoelastic 

behaviour to applied oscillatory strain.  

For materials increasing their viscosities with shear, for example, there will be a point of infinite 

viscosity when the material will behave in a solid-like manner. For this reason it is more meaningful 

to analyse in these cases the complex modulus G* of a material, which can be defined as: 

!∗ = !∗
!∗ !!!!!!!!!!!!!!(2.16) 

where !∗ and !∗, are respectively the complex stress and strain of the material, defined as: 

!∗ = !! cos !" + !!!sin!(!")  and  !∗ = !! cos !" + ! + !!!sin!(!" + !). 

It is possible therefore to rewrite G* as: 

!∗ = !!! cos !" + ! + !!!sin!(!" + !)
!! cos !" + !!!sin!(!")

!!!!!!!!(2.17) 

!∗ = !!
!!
cos ! + ! !!!!

sin ! !!!!!!!!(2.18) 

The complex modulus can be then expressed as its real and imaginary part: 

!∗ = !!! + !!!!!!!!!!!!!!(2.19) 

where G’ indicates the storage modulus of the material, describing the elastic properties, and G” 

indicates the loss modulus, describing the viscoelastic properties.  
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Equation (2.9), describing the response in stress of any material can then be re-written as: 

! ! = !′!! sin !" + !"′′!! cos !" !!!!!!!!!!!(2.20) 

which allows the determination of the values of G’ and G’’ from the stress response. In this work, 

values for storage modulus (G’) and loss modulus (G”) were obtained from the measurements and 

used to distinguish if the behaviour of the material is solid-like (G’ > G”) or liquid-like (G’ < G”). 

Furthermore the results allow us to evaluate if the material presents a prevalently shear-thickening, 

Newtonian or shear-thinning behaviour, depending on the trend of G’ compared to G”. If G’<G” at 

low angular frequencies becomes G’>G” at higher angular frequencies, the behaviour will be defined 

as shear-thickening, meaning that the sample will show low apparent viscosities for low angular 

frequencies and will become more viscous and solid-like at high angular frequencies (therefore high 

shears).  

For rheological tests in this study a DHR3 rheometer from TA Instruments was used in both 

frequency swipe mode and amplitude swipe mode in order to determine the viscoelastic and shear-

thickening response of the PBS analysed. The software used for the analysis was TRIOS. Cylindrical 

40 mm parallel plate-996921 geometry was used in all of the tests. Frequency swipe was analysed 

from 0.01 to 100 rad/s. The temperature and strain were set constant throughout the whole 

experiment, respectively at 20°C and 1%. The geometry gap was varied between 500 µm and 100 

µm depending on the requirements of the experiment. 

 

3.2.6 Differential Scanning Calorimetry (DSC) 

The differential scanning calorimetry technique has been used to evaluate the glass transition 

temperature of the polymers alone and of the infiltrated rGO foams after polymerisation. This 

technique was originally developed in 1962 by E.S. Watson et al.[219]. It is a quantitative technique 

primarily based on the use of two separate chambers, one containing the sample to analyse and one 

containing the reference, subjected to one or more heating cycles. The difference in amount of heat 

required to increase the temperature of both the samples is recorded in terms of temperature and 

will vary depending on the kind of transition the material is subject to. Depending on the 

exothermic or endothermic nature of the sample, more or less heat will be required to maintain the 

temperature increase constant. This measured difference of heat between sample and reference is 
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reported as a thermogram and allows the analysis of phase changes. This technique permits the 

determination of the glass transition temperature (Tg) of amorphous polymers. The Tg can be 

normally seen as a variation on the thermogram present before the melting temperature Tm, as a 

change of slope in the heat flow vs. T curve. The middle point of this change indicates the Tg of a 

measured polymer. Below this temperature, the amorphous regions of a semi-crystalline polymer are 

in a glassy state, not allowing the molecules to slide on top of each other. In this work, differential 

scanning calorimetry was performed on a Q100 TA Instruments calorimeter with a temperature 

range set between -150 °C and 150 °C at a rate of 5 °C/min.  The analysis revealed a Tg of the PBS 

of -95°C for both the samples with rGO and without. 
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3.2.7 Density Measurements 

In order to measure the density of the samples obtained, and considering the shape of the final 

samples not to be completely regular, Archimedes’ principle was used. This allowed the 

measurement of final density, open porosity, closed porosity and total porosity. Figure 39 shows the 

apparatus used for the measurements (Sartorius YDK01). 

 

Figure 39: Archimedes’ kit Sartorius YDK01 mounted on a Sartorius Extend bench top laboratory 

precision weighing scale. 

Both the mass of the sample dry (md) and the mass of the sample infiltrated with water (mw) were 

measured. In order to ensure water infiltration in the pores, a vacuum caster (Buehler Cast n’ Vac 

Castable Vacuum System) was used for effective infiltration. The following formula was used to 

determine the density of the porous samples: 

! = !!! ∙ (!! − 0.0012)!!
0.99983! ∙ (!! − !!!)!!

+ 0.0012!!!!!!!!!!!!(2.21) 

where ρw indicates the density of water at a given temperature (in our case, at room temperature, the 

density of water assumes the value !! = 1000!/!"!) and the difference (!! − !!!) inicates the 

buoyancy G. The value 0.0012 takes into account the value of the density of the air under standard 

conditions. The same equation can be applied in different liquids simply by varying the value !! 

with the density of any other media. 
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3.2.8 Double Cantilever Beam (DCB) 

Double cantilever beam test (DCB) is an experimental methodology that can be used to measure the 

fracture energy of either monolithic samples or adhesive joints. The material is normally assumed to 

be linearly elastic. In order to ensure the validity of this model, it is important to keep the adhesive 

layer as thin as possible (studies report below 20 µm[220]), in order to be able to treat the system as 

elastic and in dependence of the characteristics of the substrates used. Figure 40 shows the typical 

configuration for the test used for adhesive joints, including adherend and adhesive.  

 

Figure 40: Schematic representing the double cantilever beam test carried out on glass/polymer interfaces. 

On the top, the sample as prepared. On the bottom, the sample with applied force P forcing the glass 

slides to come apart. 

In the case of an applied load P, for a DCB sample of thickness 2h and width b, it will be true: 

 ∆= 8!!!
!"ℎ! !!!!!!!!!!!!!!!!!!(2.22) 

where ∆ is the opening gap corresponding to the propagated crack length a, and with a substrate 

elastic modulus E [64]. From this equation it is possible to derive the crack length, which, at a 

specific load, can be expressed as:  

 
! = ∆!"ℎ!

8!

!
!
!!!!!!!!!!!!!!(2.23) 

Furthermore, the fracture energy in simple beam theory (SBT) is given by: 
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 ! = 12!!!!
!!!ℎ! !!!!!!!!!!!!!!!(2.24) 

 

In this configuration the compliance at the crack root was assumed to be zero, i.e. the arms acted as 

built-in cantilever beams and any rotation or deflection at the crack-tip was ignored[220].  

Assuming the sample behaves in the linear-elastic region, there are other three methods that can be 

used to calculate the adhesive fracture energy depending on the crack length[221]. 

The first one, named the “area” method defines the value of G as: 

! = ! ∆!!∆! !!!!!!!!!!!!!!!(2.25) 

where ∆! is the area under the load-displacement curve segment comprised in the interval ∆!. 

Another method, namely the “compliance” method, calculates G as: 

! = !!
2!! !

!"
!" !!!!!!!!!!!!!!!(2.26) 

where !! = ! ! is the compliance and ! indicates the displacement. A construction of the plot of C 

vs. the crack length a can be then fitted with a polynomial and its derivative can be obtained and 

substituted in the equation above. Finally, in order to determine G it is possible to use the 

“displacement” method by following the formula: 

! = !3!"2!" !!!!!!!!!!!!!!!(2.27) 

 Testing of the samples was carried out using a Zwick/Roell Z010 machine in tensile mode. As 

shown in Figure 41, a Scorpiovision DMK 23GP031 5MP Miniature GigE CMOS Monochrome 

Camera with Azure Photonics 12mm Machine Vision Lens 60 fps was used in order to record the 

crack propagation from the samples. Marks were placed at 1mm distance from each other along the 

length of the sample in order to evaluate the crack length propagation. The samples were tested at 

different strain rates (0.05, 1 and 20 mm/min) in order to evaluate the shear-thickening response in 

DCB configuration. The calculation of G(a) for each crack increment allows for the calculation of 

the R-curve behaviour of the interfaces. The work reported by Kinloch et al. [221] for example, 

studies the behaviour of adhesive joints in DCB test comparing the four methods against each 

other. For linear relationships of load-displacement, for both loading and unloading, Kinloch states 
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no difference in the four calculation modes. It should be pointed out that their system does not 

exhibit R-curve behaviour. 

 

 

Figure 41: Setup of the double cantilever beam mounted on a tensile test machine Zwick/Roell with 60fps 

camera recording the crack opening of the sample.  

 

3.2.9 Three and Four Point Bending 

Flexural strength measurements were taken in four point bending mode, method to be chosen over 

the three point bending because of a more homogeneous stress distribution. The stages 

manufactured for these tests are shown in Figure 42, left.  

 

Figure 42: Stages designed for mechanical testing on small samples. On the left, three and four point 

bending stage. On the right, motor stage fitted in the SEM for R-curve characterization tests.  
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In situ tests on the crack propagation have been carried out in three point bending in an SEM 

microscope with a motor stage and a manufactured test rig shown in Figure 42, right. Images have 

been taken during the propagation of the crack while recording the crack length and the force in 

Newton applied to the sample.  

 

3.2.9.1 Flexural)Stress)

The polished beam samples were prepared according to ASTM standards for flexural stress[222]. 

The testing method chosen was the four point bending flexion. For support spans of 2 cm the 

loading span was taken to be 1 cm. The ratio between the length of the sample and the thickness 

was kept around 10:1 and the displacement speed was kept accordingly to 0.2 mm/s as described in 

ASTM C1161. The standard equation for this beam in ¼ point flexure for determination of stress is 

described by: 

! = 3!"
4!!! !!!!!!!!!!!!!!!(2.28) 

where P is the break force, L is the outer support span, b is the specimen width and d is the 

specimen thickness. The samples were tested in a universal compression testing machine (Z2.5, 

Zwick Roell, Germany) with a 2 kN loading cell.  

 

3.2.9.2 )Fracture)Toughness))

The values of fracture toughness for the prepared samples were tested in three point bending on 

notched samples. Samples were notched according to ASTM standard C1421 [223]. The outer span 

(S) to thickness (W) ratio was adjusted so that 4 ≤ !
! ≤ 10. The samples were notched in order to 

apply the chevron-notched beam method with an initial cut via diamond saw followed by sharp 

notching with a razor blade and a 3 µm diamond suspension for several minutes depending on the 

hardness of the samples. Bars were notched with approximate notch length between 0.35W ≤ a ≤ 

0.6W of the thickness of the sample. Figure 43 shows two freeze casted samples prepared with 

chevron notch to be tested in three-point bending for fracture toughness measurements. 
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Figure 43: Chevron notched beams showing a particular of the notch shape and depth. a) Freeze casted 

alumina sample infiltrated with poly(butyl methacrylate) (pBMA) and b) freeze casted alumina sample 

infiltrated with poly(divinylbenzene) (pDVB). 

In order to calculate the fracture toughness mode I stress intensity factor KIc in chevron-notch mode, 

the following equation was used: 

!!" = !
10!!!"
!!! !

∙ ! ! !!! !!!!!!!!!!!!!!!(2.29) 

Where  

! ! !!! = !
3 ! !!!

! ! ∙ 1.99− ! ! !!! 1− ! !!! (2.15− 3.93 ! !!! + 2.7 ! !!!
!
)

2 1+ 2 !!! 1− !
!!

! !
!!!!!!!!!(2.30) 

and a is the crack length, B is the sample’s depth, W is the bar’s thickness, P is the maximum force 

applied to fracture and S is the outer span length. In order to obtain significant results, for each 

sample in each mode, five bars were tested and standard deviation calculations were applied. 

3.2.9.3 )In)Situ)0)R0curve)behavior)

The study of the R-curve behavior was carried out in situ in an SEM chamber in order to be able to 

observe the crack propagation through the sample in a step-by-step sequence. The test-rig is shown in 

Figure 42 on the right. In this case, both three and four point bending techniques could be chosen, 

but different kinds of notches would have to be applied. The chevron-notched samples were 

inserted in the chamber and the stage was moved and controlled by a Deben UK Microtest (test-rig 

span of 1.8 mm) with maximum load of 300 N, control speed of 0.1 mm/min. Samples were loaded 
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in the linear elastic region and the stress was subsequently released for some seconds to allow the 

homogeneity of the stresses in the sample. As the crack started to propagate, a picture of the crack 

length was taken in order to be able to correlate the crack length with the force applied.  The crack 

was subsequently increased by further bending of the sample and the procedure was repeated in 

order to obtain enough data for the development of an R-curve diagram. The crack length a was 

measured from the SEM pictures and the stress intensity factor K, associated to each crack length, 

was obtained from the equation 2.5. 
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3.2.10  Electrical Testing 

The analysis of the electrical conductivity of the self-healing samples, was carried our via 4-point 

probe measurement. Two point probe measurements involve the use of only two contact points with 

the sample, normally the two extremities, where from a current is forced to flow inside the sample. 

Said measurements normally use a multimeter capable of providing a very small current intensity, 

and, at the same time, of reading the voltage at the extremities of the samples. In case of materials 

showing very low conductivity or complex features, however, this method can result in inaccurate 

measurements. One of the reasons could be due to the area of contact between the electrodes and 

the samples. If the surface, in fact, is porous, or particularly rough, the area of contact will vary with 

the pressure of the electrodes for example. The influence of the surface area morphology can be 

partially reduced by coating the two surfaces of the samples, in contact with the electrodes, with 

silver paint or any conductive coating material, making it so that even a smaller contact to the 

electrode will allow a complete reading of the total resistivity. Another reason for the inaccuracy of 

this method stems from the conductivity of the sample under examination. If the conductivity is too 

low, the possibly comparable internal resistance of the voltmeter, applied to the entire sample 

voltage, might shunt part of the current, reducing the accuracy of the measurement (Figure 44 left).    

 

Figure 44: Description of electrical circuits used in the measurement of resistivity in conductive samples. 

Simplified schematic of the internal circuit in a multimeter when measuring the resistance of an unknown 

sample (Rsample). If Rsample >> R2 then the current will preferentially flow through R2, providing an 

inaccurate measurement of the voltage (left – 2-point probe). This can be resolved by using a different 

configuration (right – 4-point probe). Having the voltage probes going through the sample forces the 

current to pass through the whole Rsample and allows for an accurate reading of the voltage. 
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In order to overcome this problem, the system can be configured by using a separate power supply 

unit (PSU), an ammeter connected in series with the sample and a voltmeter connected in parallel 

to the samples, with the probes inserted in the sample itself (not at the extremities). In this way it is 

possible to control the current flowing in the sample, regardless of possible contact issues, and to 

independently measure the voltage in a shorter, central sample region, reducing the effect of 

internal voltmeter resistance (Figure 44 right). This standard resistance measurement method 

removes all the big issues related to unstable, non-reproducible contacts, avoids any error due to the 

influence of measurement wires’ resistance and only requires to assume a homogeneous current 

distribution within the area, far from the current injection points, between the voltmeter electrodes. 

Figure 45 shows how the circuit used in this work was built. A Teflon holder with a semi-circular 

channel carved into it to place the samples, was ended on one side by a copper circular plate and on 

the other by a sliding Teflon cylinder topped by a second copper plate. The sliding of the cylinder 

allowed for good positioning of the samples independently from their size. The copper plates were 

connected through crocodile clips to an ammeter in series with a PSU generating a constant 

current. Two pointy electrodes placed inside the sample were connected through a voltmeter and set 

at a constant distance d. The samples were measured before infiltration, after infiltration and after 

having cut them in half and joined them together, to analyse the effect of healing on the electrical 

properties. 

 

Figure 45: Setup of the electrical circuit and sample holder for 4-point probe measurement of the 

conductivity of the samples. 
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4 Electrically Self-healing Graphene Foams/Films 

 

4.1 Introduction 

Skin is one of the most important organs of the human body. It is responsible for sensing the 

external environment and for autonomously repairing damaged tissue. The translation of these 

properties to synthetic materials to create strong films able to self-repair and sense changes in the 

environment could open up new technological opportunities. Examples can be found in the fields 

of robotics and bioengineered organs, where these functions cannot be performed by living tissues. 

A successful approach is completely reliant on the ability to understand and develop the scientific 

capabilities to translate these natural concepts into artificial materials’ design. Synthetic materials 

mimicking the properties of human skin should ideally sense changes in their environment and at 

the same time autonomously self-heal their properties multiple times. However, combining these 

properties into a single material is not easy.  

The unique mechanical, electronic, optical and thermal properties of graphene have attracted huge 

research efforts towards their assembly into macroscopic structures in the form of aerogels, foams, 

papers or lattices[224-229]. In particular, its chemical derivatives (i.e. graphene oxide GO) open 

many possibilities for the cost-efficient wet processing of macrostructures with tuneable properties. 

The freezing of GO suspensions, and also emulsions, has proven to be extremely versatile for the 

development of ultra-light graphene cellular networks with unique functional and mechanical 

properties[226, 228]. Graphene can be produced with different methodologies and, depending on 

the technique used, the resulting graphene sheets will have different properties. In 2004, Novoselov 

and Geim described a technique to obtain pristine graphene through mechanical exfoliation of 

highly oriented pyrolytic graphite that secured them the Nobel prize[230]. Their technique involved 

the use of Scotch® Tape for repeated peeling of few-layer graphene (FLG). The repeated process 

generated a single-layer graphene sheet of atomic thickness which was then positioned onto a silicon 

oxide substrate to observe the electrical properties. The graphene produced through this technique 

is pristine graphene, composed of solely carbon atoms. The high purity graphene resulting from this 

technique and the large size of flakes is however sided by the lack of capability of scaling up the 

production to industrial level. Another technique recently developed to produce pristine graphene, 
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is chemical vapour deposition (CVD) of carbon gaseous precursors (such as CH4 or C2H2) on 

substrates of catalytic metals (such as Ni or Cu)[231, 232]. This technique has demonstrated the 

ability to produce large-area graphene flakes, however, the difficulty in transfer of the graphene once 

grown to a secondary substrate for electronic application requires careful handling and is often 

cause of defects and degradation of the flake. A new technique developed through the years, able to 

produce large quantities of good-sized graphene flakes at a relatively low cost has emerged in the 

field. The technique relies on the top down formation of graphene flakes through the chemical 

exfoliation of graphite using oxidants including concentrated sulfuric acid, nitric acid and 

potassium permanganate (based on Hummers method[191]). This process forms as a product, 

chemically derived graphene, or graphene oxide (GO), instead of pristine graphene. GO is heavily 

oxygenated bearing hydroxyl and epoxy groups on sp3 hybridized carbon on the basal plane, in 

addition to carbonyl and carboxyl groups located at the sheet edges on sp2 hybridized carbon. For 

these reasons, GO is a highly hydrophilic substance that can be readily exfoliated in water, yielding 

stable dispersion consisting mostly of single layered sheets. This form of graphene is however non 

conductive. A way to re-gain electrical conductivity is through the chemical or thermal reduction of 

graphene oxide in order to yield, as a product, reduced graphene oxide (rGO), exhibiting high 

thermal and electrical conductivity. This form of graphene is therefore currently the main product 

used in the production of nanocomposites[199]. Recently the group of Coleman has developed 

another solvent-exfoliation technique by using NMP (N-methyl-pyrrolidone) as a solvent and 

exploiting the strong interactions of it with graphene sheets[233]. 

Significant advances have been made towards biomimetic and nanocomposite materials with unique 

sensing capabilities by using different materials, processing strategies and functional concepts[234, 

235]. For example, a method to create a transparent conductive film was developed by Bae et al. in 

2010 by chemical vapour deposition of graphene onto flexible copper substrates and subsequent 

roll-to-roll transfer onto a polymer support showing resistivity as low as 125 Ωm-1[236]. More 

recently, in 2014, Zhang et al. published an easy method to fabricate ultra-tough, conductive and 

ultra-strong films of reduced graphene oxide (rGO) via cast-drying of graphene oxide (GO) hydrogels 

and subsequent reduction[237]. These films reach strengths of 400 MPa and toughness of around 

600 Jm-2. Much of the on-going research in the field is centred on the study and development of 

flexible films for electronics and multiple techniques have been reported in literature only in the last 

3-4 years[238, 239]. In 2014 a study on highly stretchable pyroelectric and piezoelectric films 
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obtained by multi-layered structures of graphene/CNT/PDMS was reported by Lee at al.[240]. Their 

results show a combined piezoelectric and pyroelectric effect upon stretching and heating of around 

1.1 V. However the materials show various cracks and wrinkles remaining on the surface of the 

samples after stretching.  

In the field of graphene composites, recent work from Hou et al. shows the use of a layered 

structure with an external PVA/graphene foam with a self-healing PDMMA phase dispersed in the 

pores, and used as external coating for a piezoelectric layer of PVDF[241]. This work shows however 

maximum conductivities around 10 Sm-1 and strengths reaching less than100 MPa. The work shows 

a voltage difference of ΔV�0.4 V corresponding to a big variation of pressure applied to the material 

of ΔP�20 kPa. Their work, furthermore reports only two healings of the material after clean cut and 

no healing efficiency data, reporting only that the sample was left healing for 12 h. Furthermore, 

this material still relies on the use of an internal piezoelectric in order to sense changes in the 

environment, instead of an intrinsic mechanism of the matrix itself. 

The composite graphene materials reported in literature so far, show good properties for electronic 

devices, however they mostly lack the presence of self-healing mechanisms. Reversely, self-healing 

materials do not fall into the category of functional materials or structural ones aside from a few 

examples. Heo and Sodano, for example, developed a self-healing material with shape recovery 

capabilities[242]. 

More interesting results were instead achieved by Tee et al. in 2012[54] with the use of Nickel in 

place of graphene. In their work, the authors report the fabrication of a self-healing composite using 

the conductive properties of nickel microparticles dispersed in a supramolecular branched polymer 

cross-linked with urea showing multiple hydrogen bonds, as synthesised by Cordier et al.[37] in 

2008. This material shows promising results in terms of healing efficiencies and times, exhibiting 

90% electrical healing efficiencies after only 15 seconds. The presence of a Tg lower than room 

temperature allows for a higher mobility of the chains, therefore easier self-healing, however it 

renders this composite not self-standing in film size as prepared (compression moulded to 1.5mm 

thick), therefore the authors mount it on a flexible PVA sheet for experiments. The lower limit in 

size is dictated again by the presence of microparticles, and, in order to maintain a certain electrical 

response in terms of compression or tension, a minimum amount of nickel microparticles need to 

interact with each other. The best results in terms of mechanical properties (tensile strength as high 
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as 1 MPa) and conductivity (as high as 40 Sm-1) were obtained with an amount of nickel 

nanoparticles of 75 wt.%. The composite shows, at the highest nickel content, toughness of around 

0.2 Jm-2. Furthermore they show a drastic reduction of the mechanical healing efficiencies with time 

of cut exposure (the amount of time the fractured surfaces are not re-joined) to about 1-2% 

mechanical healing efficiency in only 5 minutes, and an electrical healing efficiency drop to about 

40% in the same time. For these reasons this material cannot be considered optimal yet. 

Furthermore, the high contents of nickel in the composite could provoke allergic reactions and 

toxicity issues during handling or contact.  

Combining multiple autonomous healing, conductivity, flexibility and sensing properties in robust 

and reliable materials, is still a big challenge. In order to achieve these properties, the concept of 

graphene cellular structures as enablers for the development of self-healing and sensing 

supramolecular nanocomposites is explored. 

 

Here is presented an innovative method for the production of skin-like composites and films, able 

to flex and completely and autonomously repair via hydrogen and dative bonds. These materials, 

obtained by the infiltration of graphene ultra-light cellular networks with a self-healing polymer, 

show repair times of the order of a few minutes, where the material recovers its flexibility just by 

putting the two fractured surfaces back into contact for a few seconds. The material is able to repair 

scratches and superficial damage as well as deep tissue tear. Furthermore, it presents the properties 

of an electrical sensor by varying its conductivity under applied pressure or flexion. The continuous 

graphene network provides structural integrity, strength and electrical conductivity while keeping 

the graphene contents below 0.5 wt.%. Mechanical strength, viscoelastic response and electrical 

properties of the material have been characterised. Tensile strengths of the order of 0.2 MPa are 

combined with conductivities that can be as high as hundreds of S/m. Both can be recovered after 

damage in a few minutes. It is shown here how it is possible to mimic key properties of skin via a 

synthetic route to create a strong and flexible electronic sensor able to autonomously self-heal 

without the use of pressure or heat. 
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4.2 Materials and Methods 

 

4.2.1 Graphene foam production 

In order to obtain a stable green body to be handled for subsequent steps, it is necessary to prepare a 

slurry starting from the water-based graphene oxide suspension. The additives used in this process 

were sucrose (S0389 Sigma – for molecular biology, 99.5%) and PVA (Sigma, Mw 89,000-98,000 

hydrolysed). Those additives have the capability to improve the stability of the compound by acting 

as binders of the structure (sucrose and PVA) and structural modifiers (sucrose). The quantity of 

additives was varied to optimise the final properties as a function of the concentration of Graphene 

oxide in solution, as shown in 

Table 3. The suspension was homogenised using magnetic stirring for 3 h. 

Table 3: Concentration of additives in Graphene Oxide slurries 

Graphene Oxide 
Concentration (mg/ml) 

Sucrose 
(wt.%) 

PVA 
(wt.%) 

Final Ratio  
(GO : Additives) 

9.5 1 1 1:2 

5 1 1 1:1 

3.5 0.5 0.5 1:1 

 

The obtained water-based slurries were freeze-casted at a rate of 2 Kmin-1 as described by Na Ni et al. 

2015[214]. Subsequently, the directionally frozen structures were freeze-dried at -42 °C for two days 

until complete sublimation of the ice. The porous green bodies were then reduced in a tubular 

furnace with controlled temperatures and atmosphere at 950 °C for 15 minutes in Hydrogen/Argon 

(10:90) constant flow, obtaining, as a result, porous reduced graphene oxide (rGO) foams (shown in 

Figure 46). The freeze-casting of slurries imparts a honeycomb-like lamellar structure, whose final 

density can be varied by altering the contents of the solution (SEM images shown in Figure 47).  
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Figure 46: Freeze-casted graphene oxide networks before (left) and after (right) reduction. In the picture is 

possible to notice the lamellar pattern obtained by freeze-casting and the effect of shrinkage of the green 

body after reduction.  

In Table 4 the different densities obtained from the starting solutions are shown. After freeze-

casting, the sample’s density is measured and, after reduction in controlled atmosphere, the density 

is more than halved due to the initial presence of additives. These additives are for the most part (91 

wt.%) burned out. A smaller percentage instead becomes carbon that it is supposed to strengthen 

the final structure of the foam [243]. 

 

Table 4: Densities of samples prepared via freeze-casting (from the Graphene Oxide solutions) before and 

after reduction, and after polymer infiltration. The measurements are in mgcm-3. 

Initial Solution 
(mg/ml) 

Before Reduction After 
Reduction 

After Infiltration 

9.5  28 ± 4  11 ± 1  930 ± 50  

5  18 ± 2 4.7 ± 0.5 890 ± 30  

3.5 13 ± 2  2.5 ± 0.2 970 ± 50  
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Figure 47: SEM micrographs showing the top and the side architecture of rGO networks obtained via 

freeze-casting method (lamellar organization). The freezing direction is parallel to the lamellar orientation 

in the side image. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

The average pore size measured (pore width perpendicular to the freezing direction) is 34 ± 9 µm for 

cooling rate of to 2 Kmin-1. The wall thickness is found to be maximum 15 nm and TEM pictures 

(in Figure 48) of the wall structure, together with the mechanical analysis of the foams[214] suggest 

that the walls are formed by the assembly of GO flakes held together by physical forces. The walls 

present a multilayer structure composed by multiple graphene flakes overlapping during freeze-

casting and creating multilayer assemblies. 

 

Figure 48: TEM images of graphene flakes in foam walls. The pictures show tortuosity of the flakes and 

entanglement occurring in the walls. Pictures concession of Dr Na Ni. Adapted from D’Elia et al. Adv 

Mat. 2015 DOI: 10.1002/adma.201501653.   
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rGO foams were tested in compression and exhibited yield strengths of the order of 10 kPa in the 

range of densities used for this work. In order to observe differences before and after reduction, 

compressive moduli were calculated and found to be of the order of 40 kPa for GO foams and of 

the order of 200 kPa when the foam is reduced. After cyclic compression, the foams are able to 

retain 80% of their maximum initial strength showing an elastomeric response. This small loss is 

due to micro-crack propagation and wrinkling of the cell walls during compression.  

The electrical conductivity of the foams was measured as described in Chapter 3 and found to be 

ranging between 20 – 100 Sm-1, depending on the freezing rate and the additives ratio[214].  

Raman spectra were recorded with a WITec Confocal Raman Microscope using a 532 nm excitation 

laser source at a laser power of 1 mW. Up to three areas of 25x25 µm2 of the green or reduced 

foams were scanned and an average spectrum was calculated. The spectra are shown in Figure 49. 

 

Figure 49: Raman spectra of freeze-dried graphene oxide flakes and GO foams reduced at 900 °C. Data 

collected by Dr Victoria Garcia Rocha. 
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The thermal reduction is a complex process that involves the removal of intercalated H2O molecules 

and oxide groups, defect formation, lattice contraction, folding and unfolding of the layers and layer 

stacking and the elimination of additives in this case. Furthermore, the honeycomb hexagonal 

lattice is retained to some extent leading to a more ordered material which, due to the low reduction 

temperature used, is not clearly reflected in the Raman spectra. The main features in the Raman 

spectra of carbons are the so-called G and D peaks, which lie at around 1560 and 1360 cm−1 

respectively for visible excitation. Figure 7 shows that the reduced foam D and G peaks are 

sharpened if compared with the freeze dried GO where the bands are very broad and moreover the 

2D peak appears at ∼2700 cm−1 due to the thermal annealing effect. The Raman spectra show the 

formation of predominantly crystalline rGO after reduction. This is supported by the sharpening of 

the peaks D and G and the heightening of the 2D peak after reduction[244]. The ratio of intensity 

between the D peak and G peak increases from 0.7 in the GO sample to 1.2 in the rGO foam[243]. 

It has been proposed in previous work that the process of burning additives creates a carbon-

reducing atmosphere that may help to heal the defect created during reduction. 

 

X-ray diffraction (XRD) was recorded using a diffractometer PANanalytical® XRD X’Pert Pro 

copper alpha that was operated at 40 kV and 40 mA in the 2θ range 5°- 35°, with a step size of 

0.0334° and a count time at each step of 100 s[214]. The obtained patterns are shown in Figure 50. 

 

Figure 50: XRD analysis of GO foam and GO foam after reduction. Data collected by Dr Na Ni. 
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After reduction, the peak shifts to higher degree meaning that the interplanar distance between the 

flakes reduces. This is due to the disappearance of interplanar groups present in GO such as –OH, 

OOH, -COOH and epoxy rings.  

 

4.2.2 Graphene foam infiltration 

In order to produce the self-healing conductive composites, porous rGO newtorks with cylindrical 

(Vol~3.14 cm3) or parallelepiped (Vol~16 cm3) shape were infiltrated with polyborosiloxane, a soft, 

viscoelastic, self-healing polymer described in Chapter 3. polydimethilsiloxane (PDMS) in different 

molecular weights (Sigma Aldrich, average Mn ≈550, viscosity ≈25 cSt, and 65 cSt) was cross-linked 

in situ. Boron oxide nanoparticles (as described in Chapter 3) were dispersed, by manual agitation, 

in PDMS with different concentrations depending on the molecular weight used as shown in Table 

5. 

Table 5: wt% of crosslinker used with different viscosities PDMS.  

Polymer kinematic viscosity 

Polymer Molecular Weight 

25 cSt 

755 Da 

65 cSt 

2900 Da 

750 cSt 

33500 Da 

2500 cSt 

120000 Da 

Boron Oxide Content (wt%) 5 1.7 0.17 0.05 

 

The PDMS and cross-linker are then infiltrated under vacuum in the porous foam via vacuum 

casting (Buehler® Cast N’ Vac 1000) and subsequently heated at 200 °C in air to initiate the 

crosslinking reaction. After 6 hours, the samples are cooled and prepared for testing by cutting the 

excess polymer (PBS) off. Most of the samples used in this work were made by using the polymer 

with kinematic viscosity of 25 cSt and using a rGO scaffold with an initial density of 5 mg/ml 

accounting for total final graphene content of 0.5wt.%. The synthesis and infiltration of the foams 

with PDMS of viscosities above 65 cSt (HMw) proved to be difficult. In fact, during vacuum casting, 

the more viscous solutions would break the superlight rGO scaffold and impair the production of 

the composites. The use of a solvent before infiltration was contemplated, however the presence of a 

solvent to be expelled from the scaffold after infiltration, would have produced not fully dense 

samples, therefore it was decided not to proceed through this route. Samples were hence infiltrated 
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with B2O3 cross-linked PDMS with viscosities of 25 cSt and 65 cSt (which for convenience we will 

call LMw and HMw). A complete scheme of foam production and infiltration can be seen in Figure 

51 . 

 

Figure 51: Route for production of self-healing graphene composites starting from reduced graphene oxide 

porous lamellar structures. From left to right: a lamellar graphene network obtained by freeze-casting is 

infiltrated via vacuum caster with a solution of PDMS and crosslinker. Through activation of Boron 

Oxide nanoparticles by heating the samples at 200°C in situ crosslinking occurs. On the right, 

representation of the final self-healing composite produced. Adapted from D’Elia et al. Adv Mat. 2015 

DOI: 10.1002/adma.201501653.   

For rheological tests, as for Chapter 3, a DHR3 rheometer from TA Instruments was used in both 

frequency swipe mode and amplitude swipe mode in order to determine the viscoelastic and shear-

thickening response of the materials analysed. Cylindrical flat head 40 mm  geometry was used in 

all of the tests, as the sample is not a liquid. Frequency swipe was analysed from 0.01 to 100 rad/s 

and amplitude swipe was analysed from 0.0001 to 0.1 rad with fixed frequency of 10 rad/s. The 

machine did not allow for measurements below 0.01 rad/s in frequency, and, above 100 rad/s, the 

sample started to slowly displace from the central position. The same problems occurred with the 

parameters set to amplitude sweep, which is the reason for the minimum and maximum 

delimitation of the set values.  
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Mechanical tests, including tensile tests, compression tests and cyclic compression tests were carried 

out to investigate the tensile strength and the shape-recovery under cyclic compression of the 

different specimens. 

For compression tests, both cylindrical and cubic samples were used in a range of volumes ranging 

from 300 to 500 mm3. The composite samples were cut into dog-bone shape for tensile tests, with 

internal cross-sectional area of ~0.12 cm2, and tested using Zwick Roell mechanical testing 

machines, used for compression testing as well, and operated under displacement control. The 

conductivity of the sample was monitored in 2-point via benchtop multimeter and in 4-point probe 

configuration by using a power supply unit (PSU) with constant input current ranging between 0.5 

and 0.02 A and a standard 4 channels bench multimeter to measure the voltage variation. For the 

electrical tests cylindrical samples were used, as prepared and connected to the circuit via copper 

electrodes. Films were cut out of parallelepiped (approximately 0.5 mm x 30 mm x 2 mm) structures 

and used in flexion conductivity tests by connecting the two opposite ends to the multimeter 

through flexible copper foil cut to shape. The films were bent manually while constantly monitoring 

the conductivity change with bending degree through a 30 fps camera. Samples for SEM imaging 

were prepared by coating the surface with a 5 nm chromium layer and characterised at 15 keV in a 

Zeiss CrossBeam workstation Auriga SEM. 

In order to understand the impact that the use of a graphene scaffold is meant to have on the 

composite’s mechanical properties, tests on the polymer with a content of dispersed graphene flakes 

of 0.5 wt.% (PDG) and up to 10 wt.%, have been carried out. The dispersion was performed via 

sonication tip (IKA U-50 Ultrasonic Processor, IKA GmbH, Germany) on the PDMS/B2O3 mixture 

for 1 h with set amplitude of 50% and cycle 0.5 followed by polymerisation.  

Electrical tests were coupled with most of the experiments in order to understand the electrical 

conductivity of the samples and the variation of potential (and therefore conductivity) under 

different applied forces. Simultaneously, healing efficiency tests were carried out on the samples in 

order to evaluate the healing efficiency, given as the percentage of strength or electrical conductivity 

recovered over the virgin sample:  

!"#$%&'!!""#$#!%$&! % = !!!!"#!$!!"#$%&!!"#$"%!!"#$%&
! ∙ 100!!!!!!!!!!(4.1) 

where ! represents an arbitrary measurement of properties such as strength, conductivity or else. 
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4.3 Results  

 

4.3.1 Mechanical tests 

4.3.1.1 Rheology)

Figure 52 reports the rheological behaviour of the PBS polymer (a). As evident, the presented 

behaviour is shear-thickening and, at low angular frequencies, the material behaves as a liquid: the 

loss modulus prevails over the storage modulus. The opposite occurs for frequencies above a cross-

over frequency of 2.5 rad/s. This change in properties occurs due to a more difficult sliding of the 

branched supramolecular polymeric chains on top of each other; mechanical interlocking of the 

long molecules is, in fact, more relevant at higher shears. In (b) it has been highlighted the 

difference in rheological response between the nanocomposite with 0.5 wt.% rGO content and the 

polymer with dispersed 0.5 wt.% of rGO flakes (PDG). It is interesting to note how the behaviour 

for PDG is still presenting a cross-over (at 1.50 rad/s), with G’>G” at low frequencies and G”>G’ at 

high frequencies.  

 

Figure 52: Typical rheology curves obtained via measurements in swiping frequency mode, analysing the 

behaviour of the materials in terms of storage modulus (G’) and loss modulus (G”). a) Behaviour of PBS 

showing a shear-thickening response to mechanical stimulation with a crossover frequency of 2.5 rad/s. b) 

Comparison of rheological behaviours of nanocomposite (in blue) and polymer with dispersed graphene 

flakes (PDG) (0.5wt.% rGO content for both, LMw polymer used), showing a shear-thickening behaviour 

for the PDG (in green), and a prevalently solid-like behaviour for the composite. Adapted from D’Elia et 

al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   
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Figure 53: Optical images of rheological behaviour of PBS (in white) and composite prepared via foam 

infiltration with 0.5 wt.% rGO. Images have been taken as the initial samples were shaped to have 

approximately the same dimensions of 1 cm3, and after 24 h showing the PBS spread over the surface and 

the composite with a completely retained shape. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   

Figure 53 shows the behaviour under the sole effect of gravity/atmospheric pressure of the PBS and 

the PBS infiltrated foam. After only 24 h (on the right), the PBS sample initially cut to shape of a 

cube approximately 1 x 1 x 1 cm3 flows and spreads on the surface it is laid on. Contrarily the 

composite sample, even if composed of only 0.5 wt.% of a graphene scaffold, maintains its initial 

shape with no variations, proving that the graphene network can act as an efficient encapsulating 

scaffold for the viscous self-healing polymer, leading to a mechanically stable material.  

 

4.3.1.2 Anisotropy)

Keeping in mind the fact that the foam created by freeze-casting is fundamentally anisotropic, it was 

decided to study the effect that the alignment has on rheology. To do so, the samples were tested in 

two configurations: with the lamellae oriented perpendicularly to the rotating plate of the rheometer 

and parallel to it. In Figure 54 the results from this test are analysed in both frequency sweep (a) and 

in amplitude sweep (b). In the interest of clarity only the values of storage modulus have been 

reported. It is possible to observe how, in both tests, the sample shows a stronger response when the 

shear is parallel to the lamellar orientation.  
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Figure 54: Rheological behaviour of lamellar composite samples tested in frequency swipe and amplitude 

swipe in the direction of torque perpendicular to the lamellar orientation and parallel to it.  Adapted 

from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

Furthermore, tensile tests on composite samples were carried out in the direction parallel and 

perpendicular to the lamellar arrangement. The results are shown in Figure 55, where the maximum 

values of tensile strength are reported together with optical images showing the fracture surfaces in 

both directions. The results show similar values for maximum strengths and slightly higher stiffness 

for tensile tests performed in the parallel direction to the lamellar alignment. Furthermore electrical 

tests show higher conductivities (almost double) when measured in the direction perpendicular to 

the lamellar growth.   
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Figure 55: Tensile tests carried out on composite samples with 0.5wt.% rGO and LMw PBS. Constant 

displacement rate of 50 mm min-1. In the graph on top of the curves the maximum tensile strength is 

reported with the associated standard deviation. Insets show the fractured surfaces of the sample with 

pulling force parallel to the graphene lamellae (left) and perpendicular to them (right). The table reports 

the associated conductivity values reported for the composites in the direction perpendicular to the 

lamellae and parallel to them. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

 

4.3.1.3 Compression)Tests)

Compression tests were carried out on the PBS infiltrated 0.5 wt.% rGO samples in order to 

evaluate both the mechanical properties at different compression rates and at different strain 

percentages. In order to understand the deformation behaviour and the creep properties of the 

materials, cyclic uniaxial compression loading tests were performed. In Figure 56 three typical cyclic 

compression curves are presented. The three samples were analysed at different maximum strains: 

10%, 15% and 20%. For each sample, the test was carried out for 5 consecutive cycles with a set 

displacement rate of 10 mm/min.   
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Figure 56: Typical cyclic compression tests of three samples PBS infiltrated 0.5 wt.% rGO. Tests carried 

out for each sample in 5 cycles. Each sample was analysed until reaching a different maximum strain: 10, 

15 and 20%. Inset showing a cubic sample for compression in flat-plates compression rig. Test was 

effectuated at set displacement rate of 10 mm/min. 

From the graph it is possible to notice an increase in loss of strength from the first cycle to the 

second cycle which increases linearly with the maximum applied strain. However, only about 8.5% 

of the total strength is lost in the three cases studied following the first cycle. For the other cycles, 

the loss of strength diminishes until reaching 1.0% ± 0.5% for the 4th and 5th cycle. As visible from 

the graph, the compression strength increases with maximum strain reached up to 312 kPa for a 

sample tested up to 20% of strain and at a constant rate of 10 mm/min. 

As derived from rheological behaviour, the sample shows different mechanical responses at different 

frequencies, therefore it was reasonable to assume a change in behaviour during compression or 

tensile tests as well at different loading rates. For this reason the samples were tested under 

compression at different rates. By increasing the rate it is possible to observe differences in the 

curves. In order to compare the differences in response under different strain rates, samples were 

analysed in cyclic loading at four different strain rates. In Figure 57, the values of strength vs. strain 

of PBS infiltrated 0.5 wt.% rGO tested at the rates of 10, 20, 50 and 100 mm/min have been 
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reported. Only the initial part of the curve is shown here for clarity and in order to be able to 

evaluate the young’s moduli of the materials.  

 

Figure 57: Compression tests carried out at different strain rates on cubic samples of 3.37 cm3. The strain 

rates analysed are reported in the legend.  

 

From this graph it is clearly visible a trend of higher stiffness response of the material under higher 

displacement rates. The values of Young’s Moduli have been reported in Figure 58. From the results 

it is possible to observe how the Young’s modulus increases for increasing compression rate almost 

doubling its value from 10 mm/min to 100 mm/min. The values confirm the shear-thickening 

behaviour of the foams, exhibiting low Young’s modulus at low compression rates and high Young’s 

modulus for higher rates. The curve reported plateaus as higher compression rates are reached, 

supporting the data obtained during rheological measurements and shown in Figure 52 b.  
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Figure 58: Young’s Modulus results derived from the slope of the stress/strain curves obtained by 

compression of the materials at different rates (from 1 to 200 mm/min) with a composite with 0.5wt.% 

rGO and LMw polymer. 

 

4.3.1.4 Tensile)Tests)

Tensile tests have been carried out on the same composites produced for compression tests: low Mw 

PBS infiltrated 0.5 wt.% rGO. In order to understand the same effect shown in rheology and 

compression testing of the shear-thickening behaviour of the polymer, the tests have been carried 

out at different rates. In Figure 59 the typical curves related to this test have been reported. As 

shown, for higher strains, the composite is stiffer and reaches higher maximum stresses. However 

this gives rise to a more brittle fracture. Instead, for lower rates, the composite reaches lower 

maximum stresses, however the area under the curve, representing the toughness of the composite, 

increases if compared to higher strains. 
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Figure 59: Typical tensile stress vs. strain behaviour of low Mw PBS infiltrated 0.5 wt.% rGO dog-bone 

shaped composites at different rates (10, 20 and 50 mm/min). Adapted from D’Elia et al. Adv Mat. 2015 

DOI: 10.1002/adma.201501653.   

Maximum strengths have been calculated and shown in Figure 60. It is possible to see here how the 

maximum strength quadruples when passing from a testing rate of 10 mm/min to 50 mm/min. In 

the picture, as insets, the difference between the brittle behaviour (and therefore brittle fracture) of 

a sample tested at 50 mm/min versus a more plastic elongation of a sample tested at 20 mm/min is 

evident.  

 

Figure 60: Maximum tensile strength results with standard deviation calculated over 5 samples, of 

composites tested at three different rates: 10, 20 and 100 mm/min. The pictures inset show the type of 

fracture that the samples exhibited during the test. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   
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In order to have a more complete understanding of how to create the optimal composite, different 

compositions have been tested. In this case in particular, the foams have been infiltrated with 

different polymers with different molecular weights (and therefore different viscosities) as shown in 

Table 5. The results of the tensile tests carried out on both of the samples with LMw and HMw, are 

reported in Figure 61. The graph reports two typical stress vs. strain tensile responses from the two 

composites. 

 

Figure 61: Typical stress vs. strain behaviour in tension of Low Mw infiltrated (blue) and High Mw 

infiltrated (red) rGO foams. Table inset reports the values for maximum strength, the corresponding 

strain and the work of fracture of both of the materials with associated standard deviation from 5 

measurements. Displacement rate 50 mm/min. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   

In Figure 61 inset, the table reports the values of strength, strain and work of fracture observed for 

the low Mw composite materials and for the high Mw composite materials. Furthermore, the area 

under the respective curve has been calculated and reported in the table showing the values of work 

of fracture relative to the two composites. These values are about ten times higher for the High Mw 

composite than for the Low Mw ones. Stress relaxation tests were carried out on foams infiltrated 

with low Mw polymer and on the polymer alone (Figure 62). The polymer alone does not retain any 

strength after initial compression, whereas composite samples compressed to 5% strain and 10% 

strain retain more than 30% of the initial compression stress. 
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Figure 62: Stress relaxation test curves carried out in compression for polymer alone and composites up to 

5% and 10% strain. Initial displacement rate 50 mm/min. Adapted from D’Elia et al. Adv Mat. 2015 

DOI: 10.1002/adma.201501653.   
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4.3.2 Electrical Conductivity Tests 

Electrical conductivity measurements were effectuated on samples obtained from the dispersion of 

rGO flakes in the LMw PBS matrix. The tests confirmed that the composites were insulating. Being 

composed of a continuous network of conductive graphene, the composites prepared through the 

infiltration of foams were expected to be conductive. Electrical conductivity tests were carried out 

on empty foams in order to determine the scaffold’s conductivity range. Tests were carried out on 

foams with low densities and high densities, respectively, as reported in Table 4, 2.5 ± 0.2 mgcm-3 

and 11 ± 1 mgcm-3. The values of conductivity were respectively 21 ± 6 Sm-1 and 87 ± 13 Sm-1. The 

values obtained were compared with the conductivities of the composites measured after polymer 

infiltration of both Low Mw and High Mw PBS. In Figure 63 all of these values are reported, and it 

is possible to see that for the samples infiltrated with Low Mw PBS the conductivities remain in the 

same range as the ones for the empty foams (15 ± 4 Sm-1 and 89 ± 11 Sm-1). Instead, for the foams 

infiltrated with High Mw PBS, the conductivities are reduced by around 20 to 30%. For this reason 

it was chosen to carry out all the subsequent tests on samples obtained with Low Mw PBS infiltrated 

scaffolds, in order to maintain the initial conductivity of the corresponding foam.   

 

Figure 63: Electrical conductivities measured in 4-point probe configuration for both low density foams 

and high density foams. The results are compared to the samples infiltrated with both Low Mw PBS and 

High Mw PBS in order to evaluate the differences. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   
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4.3.3 Self-Healing Tests 

 

4.3.3.1 Surface)Healing)

The polymer infiltrated in the scaffold provides the composite with interesting viscoelastic 

properties. At the same time, the presence of the dynamic bonds between oxygen and boron imparts 

self-healing abilities to the structure. Figure 64 shows the self-healing behaviour for both LMw and 

HMw PBS filled rGO foams for light damage and deep scratches. A small incision created with a 

blade on the surface of the sample (on the left) is left healing for a set amount of time. The results 

show that after 24 h both of the samples are completely healed and only superficial light scarring is 

remaining. This process occurs completely, autonomously, at room temperature and atmospheric 

pressure, with no external inputs. Furthermore, the healing efficiency does not seem to depend on 

the depth of the fractures. 

 

Figure 64: Optical images of self-healing properties of HMw sample (on the top) and LMw sample (on the 

bottom). Samples are initially scratched with different depths and widths. The final healed samples are 

imaged after 24h. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   
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4.3.3.2 Mechanical)Self0Healing)

The self-healing capabilities of the samples are not solely confined to superficial repair. Deep tissue 

damage can be restored as well, and with it, the mechanical properties of the composites. In order to 

test the self-healing efficiency of the samples, dog-bone shaped specimens were tested in tensile 

mode at a rate of 50mm/min in order to obtain a brittle clean fracture. At this point, the two 

fractured surfaces were put back into contact and left healing for set amounts of time; specifically 5 

minutes, 10 minutes and 1 day. The samples were then re-tested and the mechanical tensile 

behaviour was analysed. The results can be seen in Figure 65, a graph reporting the stress/strain 

curves obtained for a single sample healed multiple times after different healing times.  

 

Figure 65: Typical tensile stress vs. strain curves for a single composite graphene PBS sample healed 

multiple times and allowed to heal for different set amount of times, namely 5min, 10min and 1day.  

 

The graph shows how, after only 5 minutes healing, the sample recovers over 60% of its initial 

maximum strength (183 kPa). After 10 minutes healing, the sample has recovered above 85% of its 
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original strength, and, after 1 day the healing is practically complete (above 98% healing). In Table 6 

the healing efficiencies calculated over a range of 5 samples are reported.  

 

Table 6 Self-healing efficiencies of samples tested in tensile mode. Standard deviation calculated over a set 

of 5 samples.   

Healing time 5 min 10 min 60 min 1 day 

Percentage Healed 55 ± 10 78  ± 15 86 ± 18 93  ± 14 

 

Both LMw and HMw rGO composites were tested under dust exposure for one day. The samples 

were fractured under tensile stress and the initial stress vs. strain curves recorded. The samples were 

then left in a highly ventilated fume hood for 1 day under ambient dust exposure. The broken 

interfaces were then brought back to contact and allowed to self-heal for one further day. The stress 

vs strain curve was recorded again. The results of this test, reported in Figure 66, show complete 

healing after 1 day dust exposure. 

 

Figure 66: Dust Healing experiment in tension. Stress vs strain curves of a) LMw PBS 0.5wt.% rGO 

sample initial strength and strength after exposure to dust for 1 day and a) LMw PBS 0.5wt.% rGO sample 

under the same conditions. After dust exposure, the samples were left healing for 1 day. Adapted from 

D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   
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4.3.3.3 Electrical)Self0Healing)

As aforementioned, the presence of the reduced graphene oxide network allows for the material to 

be conductive. Thanks to the presence of the self-healing polymer interpenetrating the conductive 

network, this property gets restored after damage. Several tests were carried out on broken samples 

to understand the amount of conductivity restored compared to the healing time. For this test the 

two fractured surfaces were put back into contact and setup in the 4-point probe setup in order to 

continuously monitor the increase of conductivity over time. In Figure 67 it can be seen how only 

after 1 minute contact, the samples fabricated from the LMw polymer recover more than 60% of 

their initial conductivity and reach a plateau at around 10 minutes, often recovering more than 

90% of its initial conductivity. However, samples prepared using a HMw polymer only recover ~5% 

of their original conductivity. 

 

 

Figure 67: Recovery of electrical conductivity as a function of time for LMw samples (starting conductivity 

of 55 Sm-1) and HMw samples (starting conductivity 64 Sm-1) with a 0.5 wt.% rGO. Constant monitoring 

of the variation of conductivity shows quick recovery in terms of minutes for LMw polymer, and almost 

complete electrical healing is obtained in a few minutes. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   
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In Figure 68, a photographic sequence shows the evolution of the tests recorded in Figure 67. 

Initially the virgin sample is put in contact with two electrodes and a small current (around 10 mA) 

is forced through the sample, enough to light a blue LED. When the sample is cut in half the 

conductivity drops to zero. When the two surfaces are brought back into contact the current starts 

flowing through again until the moment in which the LED reaches its initial luminosity (around the 

time the conductivity of the sample reaches its initial value). After only 5-7 minutes the sample is 

healed mechanically as well, and it structurally healed enough to be handled. 

 

Figure 68: Photographic sequence showing the virgin sample being conductive, cut in half and put back 

together. The healing with time (of about 5 minutes) brings the LED back to the initial intensity and  

mechanical healing. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

 

4.3.4 Sensing Tests 

In order to assess if the material could be a good candidate for sensing applications, both tensile and 

compression tests were performed under constant monitoring of voltage variations. For this purpose 

a 4-point probe setup was connected to the samples during mechanical compression tests and a 2-

point probe setup was used for tensile tests to evaluate the point of fracture of the graphene 

network. In order to evaluate the influence of the reduced graphene oxide foam in the composite, 

and establish its resistance during stretching, tensile tests were carried out. The typical stress-

resistance vs. strain curve obtained from this test is reported in Figure 69. The figure shows in blue 

the stress/strain curve for the composite. At the same time, the resistance was monitored in a 2-

point probe configuration and its variation is shown in red. It is possible to notice how, under 

tension, the resistance of the sample increases and it keeps on increasing until the point of fracture 

(corresponding to 30% strain of the material) where the network itself breaks and the resistance 

goes up to infinite value due to the breakdown of the contact in the network.  
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Figure 69: Tensile test carried out for dog-bone shaped composite with constantly monitored resistance 

change in 2 point probe. Test was undertaken in order to evaluate the point of fracture of the rGO 

network itself and shows point of fracture correspondent to the point of fracture of the whole composite, 

proving high stretchability of the network. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   

 

An important way to evaluate the sensing capabilities of the composite is the use of compression 

tests under constant monitoring of the sample conductivity. A cyclic compression test was 

performed in order to evaluate the variation of conductivity under several subsequent compressions. 

In Figure 71 the results of this test are shown. The pressure applied in cycles with a total of 5 

repetitions is reported in dashed red. The variation for the voltage of the sample is reported in blue.  
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Figure 70: Pressure vs. time graph for cyclic compression test coupled with voltage variation of the sample 

under compression monitored in 4-point probe configuration. Displacement rate 10 mm min-1. Maximum 

strain reached 20%. Cilyndric sample prepared with LMw polymer, a graphene content of 0.5 wt.% and 

cross-sectional area of 72 mm2. Electrode distance 1.5 mm, sample length 7.5 mm. Current 0.2 A.  

From the graph, it is possible to observe a substantial voltage increase of around 140 mV with stress 

applied of around 300 kPa. At each cycle, the voltage recorded spikes with the pressure applied to 

the sample. The reduction in applied pressure with number of cycles (due to the viscoelastic 

properties of the polymer) corresponds to an increase in maximum voltage recorded, but a constant 

voltage variation. Even by applying small pressures of 50 kPa (corresponding to lightly touching the 

material), it is possible to observe a significant variation of voltage in the range of 20 mV. Even 

repeating the test on a different sample and increasing the number of cycle it is possible to notice a 

near-constant voltage variation even after 9 cycles (Figure 71). 
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Figure 71: Pressure vs. time graph for cyclic compression test (9 cycles at 200 kPa) coupled with voltage 

variation of the sample under compression monitored in 4-point probe configuration. Cubic sample 

prepared with LMw polymer, a graphene content of 0.5 wt.% and cross-sectional area of 60 mm2. 

Electrode distance 1.3 mm, sample length 7.9 mm. Displacement rate 20 mm min-1. Current 0.02 A. 

Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

In order to understand the behaviour of the material under cyclic compression, the variation of 

voltage difference was recorded for two different applied currents with increasing applied pressure. 

The values reported in Figure 72 show a linear increase of ΔV with applied pressure. 

 

Figure 72: Variation of voltage difference recorded in compression test with pressure increase and for 

different currents. The voltage difference is taken as the maximum voltage recorded minus the baseline 

for 6 cycles each point. The measurements were taken at two different set currents to observe the 

influence on the linearity of ΔV with pressure. Electrode distance 1.3 mm, sample lengths 7 ± 1 mm. 

Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   
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4.4  Composite Film 

The composite materials obtained with the aforementioned techniques have been cut and pressed 

into films with thickness ranging around 500 µm. The samples were obtained with a sharp cut by 

blade and a light compression of 1 kg applied for 1 day. It is possible to obtain thinner films. Films 

with thicknesses below the 100 µm were obtained by isostatic hydraulic press, maintaining the self-

healing properties of the original material, however the graphene network fractured during 

compression moulding, impairing the electrical conductivity properties. Produced films are however 

thinner than similar films reported in literature so far[54, 241], thanks to the higher homogeneity of 

this production process and the fine nanostructure of the graphene network. Figure 73 shows that 

the film has self-standing capabilities and that it is able to flex. Furthermore the flexed film can be 

completely brought back to initial configuration without any microfracturing. Self-standing 

capabilities are not often reported in literature for flexible films and they require a supporting 

structure such as PET sheets for example[54]. 

 

Figure 73: 500 micron-thick composite self-healing and conductive rGO-PBS film self standing (a) and 

during flexion (b). Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

 

Initially, the conductivity of the films was evaluated in 4-point probe configuration as shown in 

Figure 74, by sticking two thin copper electrodes into the film side and monitoring the variation of 

potential across them, while forcing a constant current through the extremes as explained in 

paragraph 3.2.10. It proved however to be quite difficult to bend the films in 4-point probe 
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configuration as the electrodes, under bending, would mostly come off the composite, impairing the 

measurements. For this reason, 2-point probe analysis was chosen for this test. 

 

 

Figure 74: 4-point probe settings used to evaluate the conductivity of the composite films.  

 

4.4.1 Electrical Flexibility tests 

Flexion sensing has been analysed in 2-point probe configuration as aforementioned. The film 

bending was constantly monitored with a camera and the resistance change via a multimeter. The 

bending angle α was taken to be the angle between the initial flat position of the film and the 

bending from the middle-point of the film, as shown in Figure 75. The graph shows the relative 

resistance variation both in flexion and relaxation, showing an increase of resistance during flexion 

and a decrease until reaching the initial values, upon relaxation. These results were repeated three 

times on the same film, showing repeatability of the process and overall with other three different 

samples. The results diverged partially in initial resistivity, but the relative resistance change during 

flexion and relaxation remained comparable. 
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Figure 75: Composite film flexion test. Monitoring of resistance variation with bending angle. The graph 

shows both flexion (in blue) and relaxation (in red) of the film. The resistance change is measured 

relatively to the maximum value recorded of 60 Ω. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   
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4.5 Discussion 

The composites produced show interesting rheological properties. The shear-thickening (and 

viscoelastic) nature of the polymer indicates that, at low shears, or, at the limit, with no external 

forces gravity aside, the polymer and the PDG would just slowly flow taking the shape of the 

container they are in. The plateau shown in both rheological measurements for high shears in 

Figure 52 and in the evaluated Young’s compression moduli at high frequencies in Figure 58, are 

due to a limit in the maximum storage modulus of the polymer. Under small stresses, like its own 

weight or light compression, a few reversible cross-links inside the molecule break and allow the 

PDMS chains to slide on top of each other and modify the initial configuration. Upon more sudden 

impacts, the long polymeric molecules don’t have the time to slide and re-arrange, therefore PBS 

behaves like an elastomer. For even higher rate stresses applied, in the case of high rate tension for 

example, many reversible bonds will break causing the tear of the sample. The plateau is reached 

when the maximum shear strength of the polymer is reached before the breakage of the sample. 

Noteworthy is the shift of the cross-over point to lower frequencies for a graphene-loaded PBS 

compared to the PBS alone (shown in Figure 52), indicating an earlier swap to solid-like behaviour, 

characteristic of a more solid-like material throughout the frequency sweep. A similar effect has been 

observed recently in literature by Liu et al.[245].  These polymeric properties are however different 

when the PBS is “restricted” by the confinement in a foam-like material, in this case rGO. 

The same test carried out for the composite, in fact, in the same range of frequencies shows still a 

behaviour dependent on shear, with the material becoming harder at higher angular frequencies. 

However now G’ prevails  throughout the whole frequency range and shows high storage modulus, 

indicating that the composite possesses a stronger, solid-like behaviour (Figure 52b). The foam 

alone, when tested in cyclic compression (Figure 76), does not show remarkable strength, reaching 7 

kPa at 10% strain. The composite instead, is able to reach values of compression strength of 350 

kPa and shows similar energy loss (≈30%) after the first cycle of compression (evaluated as the 

difference between the area under the first cycle and the area under the second cycle, expressed in 

percentage) compared to the one of the foam only (≈24%). This reduction in strength corresponds 

to plastic deformation due to the viscous response of the polymer. As explored by Ni et al.[214] the 

foams alone present an elastic behaviour, therefore this loss can mostly be attributed to the polymer. 

The foam is therefore confining the soft polymer and helping to retain the elastic properties of the 
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polymer even in the low range of frequencies. This can be observed by the rheological behaviour 

shown in Figure 52, and by the relaxation test shown in Figure 53 and Figure 62, demonstrating the 

structural properties that the confined polymer shows. 

 

Figure 76: Comparison of empty rGO foam and composite. a) Stress vs strain curve of compression testing 

cyclic loading for empty rGO foam (4.5mg/cm3-courtesy of Dr Na Ni) tested at strain rates of 0.001s-1. b) 

Stress vs strain curve of compression testing cyclic loading for a composite (0.5wt.% rGO and LMw PBS) 

tested at 50mm/min displacement rate. The test was repeated in loading and unloading for 2 cycles. 

Figure 57 and Figure 59, respectively reporting the results of a compression test and a tensile test, 

indicate how the shear-thickening behaviour of the composite can affect the final strengths and 

works of fracture of the sample when tested at different displacement rates. The higher the rate, the 

stronger the sample, and this is due to the rheological properties of the sole polymer. 

The study performed on different Mw of the PBS and reported in Figure 61, allowed for the 

evaluation of the influence of the polymer on the composite. The difference between the two 

behaviours is substantial, showing a more brittle response for the Low Mw composite and a more 

plastic deformation for the High Mw composite. This is due to the reorganisation of the chains 

during tension: entangled chains will have to disentangle and slide above each other during the 

extension of the composite, at the same strain rate, shorter chains will be forced to break in a brittle 

manner. For this reason, the work of fracture of HMw PBS composites results to be about one order 

of magnitude higher than the LMw PBS composites. There is a question regarding the importance 

of the graphene network on the mechanical properties of the final structure. Several tensile tests 
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were carried out on Low Mw polymer infiltrated foams with two different final graphene contents of 

the composite: 1.2 wt.% and 0.25 wt.% (as reported in Table 4 respectively with densities of 11 ± 1 

mgcm-3 and 2.5 ± 0.2 mgcm-3). The strength results are, within the error, similar for both samples, 

proving that the influence of the graphene network on the mechanical strength is negligible as can 

be expected due to the very low carbon content of the composite in both cases. However the foam, 

even if in minor part, affects the stiffness of the composite as it can be observed by rheological 

measurements. During compression it has been noticed the decrease in strength and capability of 

energy absorption of the composites after the first cycle. This characteristic has been studied for 

samples tested at different displacement rates and for a total of five cycles each. The faster the 

displacement, the higher the energy absorption. However it can be observed that the energy losses 

between the first cycle and the second cycle are similar in percentage (about 30%) independently 

from the displacement rate. The energy loss is attributed to the breakage of a part of the reversible 

bonds and the re-arrangement of the structure in a different configuration under pressure. The 

foam here has the role of trying to elastically bring the sample back to the initial configuration, and 

the balance between the two mechanisms results in the values reported in Figure 77. The reason for 

the difference in energy absorption at different rates comes from the rheological behaviour of the 

polymer only, where the polymer’s reversible bonds subject to slow compressions have time to break 

and reform allowing the sliding of the chains and re-arrangement of the PBS structure. 

 

Figure 77: Calculation of energy absorption loss with number of cycle performed in compressive stress. 

Test performed at three different displacement rates up to 10% strain. 
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As expected, electrical conductivity tests show that foams obtained with a lower content of graphene 

result in less conductive composites (less than 80% in the 2.5 ± 0.2 mgcm-3 foams if compared to the 

11 ± 1 mgcm-3 foams), due to the reduction of connectivity between the conductive planes and the 

reduction of the wall thickness. However, as shown in Figure 63, the infiltration of HMw PBS in the 

foam reduces its conductivity. This effect can be attributed to possible volume changes during the 

polymer infiltration step. The volume changes will be more pronounced when infiltrating weaker 

low-density foams, accounting for the 20-30% loss of conductivity. Overall anyway, the conductivity 

remains close to the initial foam tested without polymer. 

The samples produced show remarkable self-healing properties without the need of applying 

external pressure or temperature. This is due to the high mobility of the chains in the reversibly 

cross-linked PBS, and to the good wettability of the graphene flakes with PBS. This characteristic 

can be seen in Figure 78 and Figure 79; SEM pictures showing the fracture interface of a LMw PBS 

0.5 wt.% rGO foam with a piece of graphene wall pulled out of the PBS matrix showing the 

polymer wetting its surface. 

 

Figure 78: SEM image of the wettability of graphene with PBS. A graphene wall sticks out of the PBS 

matrix showing good wetting of the flake by the polymer. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 
10.1002/adma.201501653.   
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Figure 79: SEM fracture interface of PBS rGO foam composites. A graphene wall sticks out of the PBS 

matrix showing good wetting of the flake by the polymer and the availability after fracture of exposed 

graphene flakes for the recovery of electrical conductivity.  

 

Figure 80: SEM micrograph of fracture interface of composite LMw PBS 0.5 wt.% rGO. Black arrow 

shows the freezing front and white arrows show broken graphene flakes coming out of the PBS matrix.  

Figure 80 exhibits the fracture surface at low magnification of a LMw composite, showing the 

graphene flakes alignment inside the sample due to directional freezing (indicated by the black 

arrow). The exposed flakes assure the connectivity of the conductive pathways during self-healing 
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process. In order to better understand the pathways of electrical and mechanical self-healing, the 

proposed mechanism is shown in Figure 81. Upon fracture of the composite sample, graphene walls 

remain exposed outside of the polymeric PBS matrix as confirmed by SEM pictures (Figure 78, 

Figure 79 and Figure 80). Upon placement of the two broken surfaces in contact with each other, 

capillary forces due to polymer flow will bring the walls together re-establishing an electric contact. 

The polymer will then proceed filling the remaining pores providing mechanical stability and assure 

the initial mechanical properties before fracture. It has to be taken into account, in fact, that putting 

the two surfaces back in contact will never precisely coincide to the previous organization of the 

network, therefore a small amount of conductivity is usually lost, as shown by the experiments 

performed (Figure 67). 

 

Figure 81: Schematic showing the proposed mechanism for healing in the PBS rGO composites. The 

fracture of the sample leaves the graphene flakes exposed and capillary forces bring the flakes back into 

contact to restore both conductivity and mechanical stability. Adapted from D’Elia et al. Adv Mat. 2015 

DOI: 10.1002/adma.201501653.   

  

During tensile healing tests, slight variations in stiffness or mechanical performance of the 

composite depending on the day the experiment was performed were noted. For example, the 

healed sample after 1 day shown in Figure 65, exhibits lower stiffness than the sample before 

healing. The non-consistent environmental conditions during testing are one of the possible causes 
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for such a range of results. It has to be noted in fact that the polymer is a viscous matter with a Tg 

below -50 °C, therefore, temperature increases in the room could favour a faster healing of the 

interfaces. At the same time, a temperature decrease would impair or reduce the healing properties 

of the polymer due partially to its viscoelastic properties. More work on the effect of temperature on 

sample strength and healing efficiency will be required to fully understand the mechanisms 

involved. Furthermore, the re-arrangement of the reversible bonds during healing could slightly vary 

the properties from one sample to another, and the tear of the graphene walls could, in minor part, 

reduce the strength and stiffness of the healed composite. Even despite these variables, the samples 

produced manage to re-gain their initial strength after only one day healing. It is important to note 

that for the composite here developed, unlike many other supramolecular self-healing samples [43, 

44, 55], the healing efficiency of the samples is not affected by the exposure to dust (Figure 66) and 

the healing is repeatable multiple times without efficiency loss. Figure 82, for example, reports a 

sample initially tested in tensile mode (blue curve). After 6 fractures and subsequent healings, the 

sample was tested again in tensile mode showing no loss of strength and a very similar stress vs. 

strain profile. 

 

Figure 82: Effect of self-healing capabilities after multiple fractures/healing cycles of LMw PBS/rGO 

composites. Typical stress vs strain curve of a sample before testing and after being fractured and re-healed 

six times. Adapted from D’Elia et al. Adv Mat. 2015 DOI: 10.1002/adma.201501653.   

The results reported in Figure 69, show how the rGO network is able to withstand very high 

elongations before fracture, assuring conductivities throughout the whole stretching process. It was 
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initially thought that the graphene network would break before the actual fracture of the composite. 

However these results show a very high flexibility of the network, providing continuous conductivity 

to the composite during its use, until fracture. This is probably due to slow sliding of the overlapped 

graphene sheets in the foam walls on top of each other assisted by the polymer flow. The polymer 

acts keeping the sheets close to each other but not impairing the sliding, allowing therefore 

conductivity for higher strains than it would be possible in the foam alone. 

Thanks to experiments where the electrical conductivity was continuously monitored during 

compression tests, it has been possible to evaluate the sensing capabilities of the composite. As 

shown in Figure 70 and Figure 71, the composite shows an increase in voltage variation during 

compression, which reduces once the pressure is removed from the sample. These responses can be 

attributed to the variation of path length that the current goes through. A compression of the 

composite in fact, corresponds to a stretching/buckling of the conductive network, as the polymer 

cannot be compressed, increasing the path length. The strained polymer will expand its lateral size 

and “push” over the network, provoking a sliding of the rGO walls on top of each other. The 

slightly longer path length created by the compression and movement of the polymer will result in a 

higher voltage drop at the two electrodes, with a lower overall conductivity. This property is then 

regained once the pressure is removed and the flakes are allowed to slide back into the initial 

configuration.  

In the same way, when creating a composite film (Figure 73), the flakes, kept together by the 

polymeric matrix, will be allowed to slide on each other, allowing for bending angles that would 

cause the fracture of the foam only. The sensing capabilities of this material are to be attributed 

once more to the deformation occurring in the conductive network, varying the distribution of 

charge over the graphene lamellae. In this case the deformation is much more complex, however, 

overall, the increase in resistance over bending has to be attributed to an elongated path during 

flexion of the graphene walls in the polymeric matrix. 

Tests carried out to evaluate the effects of the anisotropy of the foam on the mechanical and 

electrical properties (Figure 54 and Figure 55) reveal somewhat higher stiffness for analysis carried 

out with stresses parallel to the flake orientation, and electrical conductivities higher in the direction 

perpendicular to the flake orientation. This could be due to a more limited shear mobility of the 

flakes in the parallel direction to the alignment due to the “cross-links” or bridges between the 
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graphene walls obtained by other flakes perpendicularly arranged. In the perpendicular direction 

shear might cause bending of the walls, resulting in lower stiffness. Furthermore, the directional 

confinement of the polymer might facilitate the flow of it in one direction and not in the 

perpendicular one. The conductivity difference could be explained by the high density of bridges 

present in the foam as shown by the SEM pictures in Figure 47. This high density increases the 

number of contacts with the electrodes that the composite is able to make during testing, allowing 

therefore a higher volume of charge flow through the sample. The bridges play an important role in 

the structure. In fact, the efficiency of the healing process in the PBS rGO composites is due to the 

presence of an extremely well interconnected network presenting high surface area (around 117 ± 

10 m2g-1 for similar structures reported by the systems obtained by Barg et al.[243]). This network 

leads to an easy re-connection of the conductive pathways once the structure is broken and put back 

into contact again. Together with the foam, the viscosity of the polymer allows the binding of the 

soft phase back together after breakage, and the dynamic covalent bonds impart new stability to the 

structure after damage. The finely tuned structure of this material is the main reason for the 

interesting self-healing and conductive properties showed by the samples produced.   
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4.6  Conclusion 

In this work, a self-healing, electrically conductive composite has been developed by confining a 

supramolecular polymer in an ultralight graphene network. The approach used combines the two 

main strategies used in the development of self-healing materials; the encapsulation of a healing 

agent in the composite (in this case PBS in the rGO network) and the use of a supramolecular 

network able to reform repeatedly (here the healing agent itself). For both natural and synthetic self-

healing materials, it is important to consider the critical maximum volume of the defect above 

which repair is not possible. For this reason, the results obtained in this work show the advantages 

of using a polymer able to flow at low stresses (shear-thickening) as the healant encapsulated in a 

superlight graphene network. This design assures complete healing and large critical volumes with 

maximum healant content while retaining structural stability. The graphene scaffold provides 

mechanical stability and electrical conductivity in a composite containing up to 99.8 wt.% of the 

dynamically-bonded polymer. As shown in the results, after damage, the polymer is released from 

the encapsulating network, and due to its “solid-liquid” behaviour flows to heal deep scratches or re-

join fracture surfaces reforming the conductive network. Due to its dynamically-bonded nature the 

healing polymer is not exhausted after one healing cycle but it can act multiple times providing 

repeatable, autonomous recovery of mechanical and electrical properties. The mechanical properties 

of the material allow the fabrication of bulk parts and films whose electrical conductivities can reach 

values up to 100 S/m and that are sensitive to pressure and flexion. Being able to heal and sense 

external forces and deformation as a “synthetic skin”, these materials could be of interest in the 

biomedical, robotic and energy fields. Even though the mechanical properties shown by these 

composites (200 kPa UTS) are still far from optimal, the composites here implemented show an 

important path towards the construction of highly tailorable self-healing sensors.  
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5 Self-healing interfaces 

 

5.1 Introduction  

The idea of building self-healing mechanisms in synthetic materials is very appealing and has 

attracted much interest over the last decade. The principal aim is the replication of self-repair 

mechanisms occurring in biological structures such as bone. Many currently researched self-healing 

materials, as discussed in Chapter 1, do not show at the same time optimal healing properties (in 

terms of healing efficiency, time, or the autonomous character of healing) and good mechanical 

properties. The idea of fabricating a self-healing organic/inorganic composite, overcoming at the 

same time the brittleness of ceramic materials and the low strength of polymers, opens a wide range 

of possibilities in this field of research. Here we will investigate a brick and mortar design in which 

stiff ceramic bricks are joined by thin and adhesive self-healing interfaces. The goal is to combine 

the self-healing abilities with enhanced strength and toughness resulting from a nacre-like design. 

The hierarchical arrangement of the organic and inorganic components should provide 

supplementary toughness to the material. Firstly, the structure of the inorganic component/scaffold 

needs to be carefully designed. A scaffold with lamellar structure, in fact, upon breaking will not 

recover its initial properties, as the continuous layers of the inorganic phase are not designed for 

self-healing, but only for load bearing properties. Furthermore, the presence of mineral (inorganic) 

bridges between the hard bricks will impair the complete healing of the structure. Secondly, 

adhesion at the organic/inorganic interfaces plays an important role in the formation and 

performances of such composites. It often represents the path for crack propagation and self-repair 

and the fine balance between the two will depend upon our ability to design self-healing interfaces.  

Studies on the biomimic of mussel adhesion capabilities[246] or gecko foot adhesion, have attracted 

great interest in the last few years. Lee and Messersmith, in their study, report the fabrication of a 

wet/dry reversible adhesive inspired by nature[247]. The strategy resides in the use of 400 nm-thick 

PDMS nanopillars coated with a mussel-mimetic polymer (3,4-dihydroxy-L-phenylalanine or DOPA) 

and shows no loss of adhesion for over 1000 cycles in both wet and dry environments. The adhesive 

shows a force of around 90 kPa (for an area of 1cm2), however it holds potential difficulties in a 

scaled-up system due to the challenges presented by an equal sharing of the load among multiple 
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application points. Furthermore the fabrication of composites with this methodology on a large 

scale presents still a challenge. With similar approach Gorb et al. have developed a gecko-foot and 

insect-foot inspired reversible dry adhesive composed of nanometric pillars of different sizes and 

shapes[150] leading to a tape capable of showing adhesion even after numerous cycles[1]. In this 

approach, Gorb et al. have managed to produce adhesives in scaled up sizes of several tens of 

centimetres, able to withstand the weight of a human body. Its reversibility however results in dust 

contamination, which reduces the adhesive strength. The issue can however be reduced by washing 

the adhesive. These represent only a few problems in the study of interfaces for adhesives; the 

possibility to have a scaled-up system and the ability of the adhesive to retain its strength and 

structure after multiple cycles. 

The structure described in the next chapters takes into account the background of literature studies, 

to obtain a model material able to completely and autonomously self-repair and with load bearing 

capabilities. The structure chosen is a brick and mortar arrangement of the organic and inorganic 

phases, where the thin polymer interface plays an important role during adhesion and crack 

propagation. A strong polymer with high adhesion properties would promote crack growth through 

the bricks, damaging the inorganic structure and impairing the complete self-healing of the material. 

The choice of a weaker polymer with good interfacial adhesion to the inorganic component would 

instead allow the propagation of the crack in between the bricks, through the self-healing interface 

which, upon closure, would completely heal the entire structure. However not choosing a stronger 

interface means sacrificing the strength of the final composite. In order to optimise the design and 

fully understand the mechanics of a self-healing composite model it is important to firstly analyse 

and finely tune the behaviour of the organic/inorganic interface. In this chapter, interfacial studies 

carried out through Double Cantilever Beam tests (DCB) will be discussed.  

The choice of components for both the final model and the preliminary interfacial studies needs to 

be carefully considered to realise an easy-to-fabricate and cheap composite with good interfacial 

responses and self-healing capabilities. The inorganic phase chosen for the experiments is glass. The 

reasons for this choice are based in the ease of finding the product, the costs, and the ease to vary its 

shape and surface properties. Glass has an elastic modulus around 70GPa[248] which makes it a 

partially flexible material. Its surface chemistry can be easily tuned from hydrophilic to hydrophobic 

to adapt and improve adhesion depending on the adherent used. It is a transparent material, 
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allowing for easy evaluation of results in DCB testing. Furthermore the surface roughness can be 

easily varied by grinding or polishing, giving the possibility to obtain different interfacial properties.  

The polymer selected for these studies was Polyborosiloxane (PBS). The class of PBSs was discovered 

almost by accident by James Wright during World War II. The reason for its discovery is linked to 

the U.S.’s shortage of rubber due to the invasion of Japan in several rubber-producing countries. 

Whilst trying to fabricate rubbers from readily available materials, Wright mixed silicone oil with 

boric acid and, what is now commonly known as Silly Putty, was fabricated (Figure 83). 

 

 

Figure 83: Two commercial adverts of the 1950s created for the marketing of the Silly Putty product. 

This material fits in the class of supramolecular elastomers, as it possesses reversible cross-links and 

an elastic behaviour[249, 250]. The peculiar behaviour of Silly Putty was described in 1960 by 

Eaborn[251]. This material exhibits elastic or rigid mechanical behaviour at room temperature upon 

shock or high-rate strain conditions. Instead, under no strain conditions and on longer time scales it 

behaves like a fluid taking the shape of its container. The explanation of this peculiar behaviour was 

analysed by Juhász et al. in 1984, and relies on a microstructural interpretation[252]. The structure 

of the compound, shown in Figure 84, exhibits the presence of weak interactions of temporary 

dative nature between boron and oxygen atoms. These bonds can split and reform under thermal 

fluctuations. If the energy applied to the material (either thermal or mechanical) is higher than the 

dissociation energy, the material will break. Therefore, for high strain rates, the material behaves in 

a brittle manner with the weak crosslinks breaking under the energy supplied. Under lower strains 

the chains have the time to arrange and extend and the material behaves in a viscoelastic way. 

Recent work by Li et al. shows a variation of rheological behaviour under different ratios of B:Si 

content[253]. They show that, under no shear and only as a time-effect the elastic modulus of the 
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compound decreases; however, higher ratios of B:Si show a higher amount of weak-bonding 

interactions, and therefore a higher elastic modulus. Another advantage of this material is that it is 

easily soluble in ethanol, making it a good candidate for thin film deposition. 

 
Figure 84: Polyborosiloxane's structure and dynamic dative bonding interactions in the chain. Those cross-

linking bonds create a supramolecular aggregate. 

 

So far, PBS has been more of a scientific curiosity than a material for practical applications. 

However its unique solid-liquid response is attracting increasing interest[253-255]. The 

supramolecular structure held together by dative dynamic cross-links, makes this compound a good 

candidate for self-healing mechanisms[254]. However PBS cannot act as a structural material due to 

its viscous responses. For this reason and for its peculiar rheological behaviour, this material was 

chosen to be the primary organic interface studied in our composites. The original recipe for this 

material was composed of 65% PBS, 17% Silica, 9% Thixatrol and 4% PDMS with 1% traces of 

elements such as decamethylcyclopentasiloxane, glycerine and Titanium dioxide added to vary its 

mechanical properties. In this work it has been chosen to use simple PBSs in order to reduce the 

number of variable parameters and simplify synthesis and manipulation of the compound. The 

reduction of the number of components allows for the optimisation of the compound for its 

application, through, for example, the use of secondary phases such as graphene, nanoparticles, or 

dyes. This particular supramolecular aggregate has been recognised as very attractive for research 

only in the last couple of years, as their creators had not fully foreseen its potential in self-healing 
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applications and in its viscoelastic properties. For example, only a couple of years ago, Rod Cross 

dedicated his studies to the analysis of the mechanical viscoelastic properties of silly putty by 

carrying out numerous tests under compression and impact at several speeds highlighting the 

already known time-dependent shear-thickening properties of the material[256]. More interestingly 

recent work published in February 2015, shows the possibility to blend existing self-healing organic 

polymers with PBS[255]. Martin et al., in this work, explore a simple thermo-mechanical method to 

obtain a self-healing blend with improved mechanical properties on both components, showing 

tensile strengths above 20 times higher (around 2 MPa) than PBS. Further studies on composites 

obtained with PBS as a matrix have been published in March 2015 showing the potential of creating 

rubbery nanocomposites from the incorporation of graphene nanoflakes and nanoclays[245]. Their 

studies, however do not show particular improvements on the initial formulation, with their 

compound maintaining the non-load bearing capabilities of the original recipe and not showing any 

further functionality such as conductivity or sensing. 

The main technique exploited in this chapter for the analysis of the interfacial rheology and self-

healing behaviour of the interfaces is the double cantilever beam test (DCB) carried out on glass 

interfaces “glued together” with a thin film of PBS. In this chapter, polymer production, interfacial 

testing and system optimisation techniques (such as the use of additives) will be described. 

Furthermore, the results obtained will provide information on the adhesion and self-healing 

mechanisms that will be used in Chapter 4 to design intrinsically self-healing composites with 

improved properties. Testing methods for a self-healing material need to be designed carefully to 

assess the effectiveness of the healing process. Healing efficiency in terms of fracture toughness is 

one of the most important parameters to calculate. In this case the efficiency can be calculated as:   

! = !!!!"#!$ !/!!!"#$"%!!!!!!!!!!!!!!(5.1) 

Where ! represents an arbitrary property of the material in a virgin state and after the first healing 

process[257]. 
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5.2 Materials and Methods 

5.2.1 Substrate Treatment and Analysis 

In order to analyse the differences in adhesion of the polymer to cleaned glass substrates, 

hydrophilic glass and hydrophobic glass, the surfaces were treated with different techniques in order 

to obtain the desired final surface modifications.  

 

5.2.1.1 Hydrophobic)Surfaces)

In order to obtain hydrophobic surfaces, a set of microscope glass slides were prepared by acetone 

bath cleaning. Subsequently they were placed in a non-sealed container with a 

dichlorodimethylsilane atmosphere. The glass slides were left in the modified atmosphere for two 

hours. Following this treatment they were thoroughly washed with distilled water and acetone to 

remove the excess hydrophobic layer. Contact angle measurements were carried out in order to 

verify the effectiveness of the procedure. 

 

5.2.1.2 Plasma)Cleaning)Technique)

Plasma cleaning technique is normally used for the removal of impurities from a surface through the 

utilisation of a plasma. In this state, the atoms of a gas are ionised and excited to a higher energy 

state. During relaxation, the atoms will release photons that, hitting the surface, will help breaking 

apart bonds in high molecular weight impurities. In case the plasma is created by oxygen excitation, 

this technique promotes the formation of OH- groups on the cleaned surface therefore rendering it 

more hydrophilic. In this case, in order to enhance the hydrophilicity of the glass slides, a set of glass 

slides were subjected to O2 plasma cleaning for 1 minute. The machine used was Gatan Solarius 

Model 950 Advanced Plasma System. 

 

5.2.2 Thin Film Production 

All of the tests were carried out leaving an uncoated area of 2 cm length on the sample, by applying 

electrical tape on one of the edges of the glass slides so as to cover a section of the substrate. This is 
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an important step used in the DCB testing (explained in the following paragraphs) in order to leave 

an initial crack of length a0 before the initiation of the test. Prior to coating (and functionalization) 

the glass slides (CORNING® Micro Slides, Plain, Thickness 0.96 to 1.06 mm, size 75x25 mm) were 

cleaned by sonication in acetone for 30 minutes. 

 

5.2.2.1 Drop)Casting)

Drop casting technique was used to obtain thin, even and homogeneous PBS films between two 

glass slides. A 20:80 weight ratio solution of ethanol:PBS was left in a sonication bath for 10 

minutes until complete dissolution of the polymer and subsequently deposited on the top of a glass 

slide and the excess was slid away from the surface by simple tilting. The coated glass surfaces were 

left drying for 6 hours and then they were put in contact and subjected to a force of 50 kPa for 1 day 

at 50 °C to promote bonding and form a homogeneous interface. The films obtained with this 

technique presented an average thickness varying between 100-400 µm. 

 

5.2.2.2 Spin)Coating)

In order to obtain thinner interfaces, the spin-coating technique was used. The machine used was a 

WS-650SZ-NPP/LITE/10K model from Laurell Technologies. The microscope glass slides were 

positioned in the centre singularly, held in place by the vacuum created by the machine, and a drop 

of ethanol:PBS 20:80 solution was positioned on the centre of the slide. The program was set for 

rotation of 1200 rpm for 30 seconds. Glass slides were then sandwiched in pairs so that the two 

coated surfaces would come into contact. As for the other techniques, a pressure of 50 kPa was 

applied to the glass slides for 1 day at 50 °C in order to allow homogeneous and full spreading of 

the polymer along the interface. The films obtained with this technique presented an average 

thickness varying between 20-60 µm. An example of the interface created is shown in Figure 85a. 

 

5.2.2.3 Bar)Coating)

An RK Printcoat wire bar K101 Control Coater was used in order to reduce the thickness of the 

films obtained with the aforementioned techniques. The technique uses bars with spiral grooves 
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along the outside surface that helped the spreading of the solution on top of the substrates. 50 µl of 

solution were pipetted on top of the bar for controlled coating. This bar is automatically moved 

along the substrate to be coated, by the machine at a set speed (in this case 1 cm/s) and at a pre-set 

distance from the substrate. In these experiments coating bar n°1 with fine ridge spacing was used 

with a solution of ethanol:PBS 20:80. The thin interfacial layers quickly dry and are then treated as 

described above to create interfacial adhesion. The films obtained with this technique presented an 

average thickness ranging between 5-20 µm. An example of the interface created is shown in Figure 

85 b. 

 

 

Figure 85: Optical micrographs of polymer/glass interfaces (cross sections) obtained via spin coating (a) 

and bar coating (b) techniques. The optical measurement of the interface in these samples gave results of 

film thickness of respectively  ~62±6 µm ~15±2 µm. 

 

5.2.3 Interface Testing  

In order to test the interfaces, several techniques have been used to understand and evaluate the 

adhesive and self-healing behaviour of the polymer in between the two glass slides. Several 

preliminary tests have been carried out to understand the optimal configuration of the tests and for 

the development of techniques and machining of testing grips. 
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5.2.3.1 Nanoindentation)Tests)

Nanoindentation was carried out in a NanoTest machine developed by Micro Test® with a high 

temperature stage able to reach temperatures up to 750 °C.  The indentation sample was prepared 

by bar coating a thin layer (30-60 µm) of PBS on a glass slide substrate. The indentation was carried 

out in cycles at different rates. The indent was performed with a zirconia ball of 1 mm diameter 

until reaching 10 mN load with a wait time of 10 seconds on the spot. The sample was then 

unloaded and the unloading/adhesion curve was recorded. The test was performed for 6 times on 

the same spot, with a resting time of 10 minutes after the end of each cycle. The test was carried out 

in force-control mode at constant loading and unloading rates with values of 0.5 mNs-1, 2 mNs-1 and 

5 mNs-1 in order to evaluate possible microvariations in the rheological behaviour of the polymer. 

The tests were carried out by Dr Rui Hao and Dr Vineet Bhakhri. 

 

5.2.3.2 Double)Cantilever)Beam)(DCB))

Testing of the samples was carried out using a Zwick/Roell Z010 machine in tensile mode. As 

shown in Figure 41, a Scorpiovision DMK 23GP031 5MP Miniature GigE CMOS Monochrome 

Camera with Azure Photonics 12 mm Machine Vision Lens 60 fps was used in order to record the 

crack propagation from the samples. Marks were placed at 1 mm distance from each other along the 

length of the sample in order to evaluate the crack length propagation. The samples were tested at 

different strain rates (0.05, 1 and 20 mm/min) in order to evaluate the shear-thickening response in 

DCB configuration. The thicknesses used ranged between 5 to 400 µm. 

In order to obtain data on self-healing capabilities of the composite interfaces, after fracture 

propagation through DCB testing, the two separated interfaces were brought back into contact and 

left healing without any applied pressure or heat, at room temperature. Samples were left healing for 

different set amount of times in order to evaluate the healing efficiency’s dependency on time. The 

tests for different healing times were repeated on the same sample with increasing healing time 

upon each closure of the interfaces. This methodology was chosen over testing different samples for 

single different healing times in order to prove constant repeatability of the process and multiple 

healing capabilities.  
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5.3 Results: Polymer and Interface Analysis 

5.3.1 Rheological Behaviour 

The rheological behaviour exhibited by the polymer is classified as non-Newtonian shear-thickening, 

as the apparent viscosity of the polymer increases with increased shear. In order to evaluate the 

differences in rheological behaviour due to a variation of thickness, the settings of the rheometer 

were varied (500, 250 and 150 µm) to obtain different parallel plate working distances. The results 

are shown in Figure 86. On the left, the behaviour of the storage modulus is analysed showing 

differences both for low angular frequencies and high angular frequencies (less visible in logarithmic 

configuration, however showing a difference of about 30 kPa between 500 µm and 150 µm tests). 

The same behaviour is observed on the right for the loss modulus where the difference is more 

relevant at high angular frequencies. Therefore, for thinner interfaces, both the storage and the loss 

moduli seem to slightly increase, showing higher elasticity for the material. 

 

Figure 86: Rheological behaviour analysed at different testing thicknesses. Storage modulus is reported on 

the left and the correspondent loss modulus is reported on the right. It is possible to observe a stronger 

response for thinner films.   

 

5.3.2 FTIR 

The results obtained from the FTIR spectroscopy are shown in Figure 87. The spectra analysed are 

reported for three different compounds: PDMS and PBS as synthesized and commercially available 

Silly Putty. The FTIR spectra of the three compounds show the following shared peaks: 2960 cm-1 

indicating Si-O-Si, 1270 cm-1 and 800 cm-1 indicating ν Si-CH3, 1060 - 1027 cm-1 indicating ν Si-O-Si 
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and 460 cm-1 indicating further Si-O-Si, where ν indicates the vibrational stretching bands. 

Interestingly, the strong absorption seen at around 1060 cm-1 is typical of linear chains of Si-O-Si, as 

described by Li et al.[253]. The spectra presented however do not show the same peaks, as the 

PDMS does not contain boron groups. These instead are shared between the spectra of Silly Putty 

and PBS. Particularly, the following peaks are seen in both compounds: 1400 cm-1 indicating B-O-B, 

1195 cm-1 indicating B-OH, 1340 cm-1 and 880 - 690 cm-1 indicating the presence of B-O-Si. 

Particularly, the last peaks mentioned represent the fingerprint of (=B-O-Si) polyborosiloxane 

bridges previously reported by several groups [253, 254, 258, 259]. 

 

Figure 87: FTIR spectra of 3 different species compared: Silly Putty, PDMS and PBS as processed in 3.2.1.  

These results show very strong similarities between the spectra of the PBS as synthesized and the 

commercially available Silly Putty component. These are mainly due to the formation of B-O bonds 

which are indicated by the B-O-Si and the B-O-B bands. Li et al.[253] have proven the presence of 

weak bonds between Si-O:B by subjecting the PBS to thermal treatment during FTIR 

measurements. The peak present in their study at 870 cm-1, is the main indicator of the presence of 

these bonds, as the intensity of this peak decreases during thermal treatment to 140°C. In the FTIR 

spectra shown in Figure 87, the peak reported at 880 cm-1 indicates these bonds, and further 

indication is evident from the presence of the peak at 868 cm-1 reported similarly in the work of Li. 

Furthermore, the peaks at 460 cm-1 and 2357 cm-1 indicate respectively the stretching of Si-O and Si-

C bonds. These indications lead to the conclusion that the reaction of PDMS with boron oxide has 
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effectively generated cross-links, as expected in our work, of a weak dative reversible nature, that can 

be represented as follows: 

 

Furthermore, these cross-links, as shown in the work by Li et al., are the reason for the peculiar 

rheological behaviour shown by PBS. 

 

5.3.3 GPC 

Gel Permeation Chromatography results are shown in Table 7. Commercially available Silly Putty 

has been tested as a comparison to the results expressed in number average molecular weight (Mn) 

and polydispersity index (PDI) for PDMS and PBS. In the table it is possible to observe very close 

results in Mn between the commercially available putty, with Mn around 3700 ± 450 g/mol  and the 

PBS as synthesized, with Mn around 3500 ± 300 g/mol, confirming a similarity between the two 

products already proven by the FTIR spectra. The results for PDMS before cross-linking show a 

lower molecular number than the cross-linked product, around 2400 ± 500 g/mol, confirming the 

effect of boron as a cross-linker of the structure.  

Table 7: GPC Results in number average molecular weight (Mn) and polydispersity index (PDI) of 

processed polymers compared to commercially available silly putty. 

Polymer Type Mn (Da) PDI 

PDMS 2400 ± 500 1.3 ± 0.2 

PBS 3500 ± 300 1.7 ± 0.1 

Silly Putty 3700 ± 450 1.6 ± 0.2 



 

181 

 

 

 

5.3.4 NMR 

The NMR results are shown in Figure 88. The spectra refer to the three samples analysed in 1H 

NMR: PDMS, PBS and commercially available Silly Putty. To provide a clearer view of the peaks the 

spectra has been divided in two parts ranging respectively between 0.035 ppm and 0.35 ppm, and 

0.35 ppm and 4.5 ppm. The peaks shown around 1.23 ppm and 3.75 ppm refer respectively to the 

CH3 and the CH2 groups in the ethanol molecule. With these, the low-intensity broad peak at 

around 1.55 ppm indicates the OH group of the Ethanol molecule. The broad peak present at 2.1 

ppm indicates instead the hydroxyl groups present as endings for PDMS (hydroxy end-functional). It 

is evident that this broad peak is present only for the spectra of PDMS. The peaks found around 0.1 

ppm indicate the Si-CH3 groups along the backbone of all of the three compounds analysed. The 

Silly Putty spectrum presents multiple other peaks, which can be justified by the complexity and by 

the high number of species contained in this compound. 

 

Figure 88: 1H-NMR spectra of 3 different species compared: Silly Putty, PDMS and PBS as processed in 

3.2.1. The graph is divided into two areas in order to aid the reading of the spectra. NMR carried out by 

Francesca Tallia. 
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The presence of the ethanol in PBS is solely due to residues of this solvent after use for processing 

the polymer. It is important to observe how the –OH ending groups present in PDMS disappear in 

the spectra of PBS and Silly Putty. This is an indication of the fact that these groups have reacted 

during Boron cross-linking. Further proof that the OH groups have reacted in the PBS is the fact 

that in PDMS, the CH3 that are bound to a Si that is close to the Si-O-H bond would be shifted 

slightly to the left. This shifting can be appreciated in the spectra, however, due to the high splitting 

around 0 for PDMS, and due to the tacticity of the polymer, a quantitative analysis is not easy. 

However, the lower presence of splitting in PBS compared to the one in PDMS means that no CH3 

groups are close to Si-OH groups, supporting the complete reaction of OH groups in PBS.   
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5.3.5 Nanoindentation tests 

Nanoindentation tests carried out on a glass substrate coated with a thin layer of PBS, produced the 

results shown in Figure 89. On the left, an illustration of the predicted mechanism occurring at the 

interface with the indenter is shown. Adhesion mechanisms upon pull-back of the indenter show 

the formation of bridges, whose length is dependent on the rate of pulling. This mechanism is 

confirmed by numerical data shown on the right of Figure 89. In the graph, three different rates for 

nanoindentation have been reported: 0.5mNps, 2mNps and 5mNps. Each rate corresponds to a 

different force vs. displacement curve. It is visible how for higher rates, the pull-back force increases 

in modulus. From these results it is possible to calculate the maximum effective bridge length: the 

maximum distance of the indenter from the substrate at which the polymer still exerts a pulling 

force. These lengths are calculated from the diagram by taking the last points of the test, where the 

bridge breaks from the indenter. The results for both the maximum adhesive force and the 

maximum length of the bridges are shown in Table 8.  

 

Figure 89: Nanoindentation on polymeric samples with micrometric zirconia ball. a) A schematic 

depicting the nanoindentation test. A microscopic ceramic sphere pulls away from the polymer substrate 

measuring the force to stretch a single polymer bridge. The bridge reaches a critical length and then 

breaks. b) Results of indentation carried out at different speeds (performed in load control mode) show 

the dependence of force curves on pulling rates. The higher the rate, the higher the adhesive force as a 

result of the shear thickening behaviour of the polymer. The graph reports the results repeated on the 

same spot for 4 times (shown by the 4 differently shaped markers). 
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Table 8: Results from the nanoindentation tests reporting the values of adhesive force and bridging length 

referred to the different loading rates. 

Loading Rate 0.5 mN/s 2 mN/s 5 mN/s 

Adhesive Force (mN) 0.503 ± 0.003 0.845 ± 0.005 1.210 ± 0.005 

Bridging Length (nm)  19000 ± 200 18100 ± 700 16000 ± 200 

 

From these results, it is evident how the rate of test, affects both the adhesive force, that ranges 

between 0.50 to 1.21mN, and the bridging length, ranging from 16 µm to 19 µm. The results 

therefore highlight the presence of an adhesion mechanism and a strengthening of its effect for 

higher speeds, as the indenter is force-controlled. Furthermore it is possible to observe how capillary 

bridges can effectively act over relatively long distances of tens of microns. An important insight on 

the self-healing properties of the polymer can be derived from this test. The graph in fact reports 4 

out of the 6 repetitions performed on the same spot for each of the different rates, shown by 

differently shaped markers. As visible in the results, every time that the test is repeated on the same 

spot, the adhesion curve perfectly overlaps with the previous one. This shows the repeatability of the 

process, proving healing mechanisms at the nanoscopic level.  
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5.4 DCB tests 

Results such as interfacial adhesion, self-healing and rate dependency were derived from the DCB 

tests carried out on PBS/glass interfaces. Of particular interest was the formation of fine polymer 

bridging upon opening of the “glued” interfaces, forming behind the crack tip as shown in Figure 

90. What was observed was particularly related to the density of the bridges, which seemed to be 

higher for thinner interfaces and lower for thicker interfaces, where the polymer would form thicker 

bridges and a lower number of them. This mechanism is believed to be linked to healing 

mechanisms as well. These results led to multiple studies on the interfaces that will all be described 

in this chapter. 

 

Figure 90: Side view of DCB glass/polymer interface sample after crack propagation. The formation of 

polymeric bridges behind the crack tip is evident, and the zoomed image in the inset shows a bridged area. 

This sample had an interfacial thickness of 10-20 micron and was tested at an opening rate of 1 mm/min. 

The distance between each marker line on the bottom is 5 mm.  

 

5.4.1 Enhancement of interfacial adhesion 

The glass slides subjected to different surface treatments as described in 5.2.1, were coated via tape-

casting technique with PBS and prepared as described above for the DCB test. The samples were all 

tested at the same rate of 1 mm/min and prepared with a 20 micron thick interface. In Figure 91 

the results from the test can be observed in a load vs. displacement plot. The three different curves 

show the behaviour exhibited by the three different interfaces: plain, hydrophobic and hydrophilic. 
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From the graph it is possible to see a difference in the maximum force reached by the different 

samples. Hydrophilic interfaces seem to have a stronger response upon crack propagation, however, 

non-treated interfaces result in bigger areas under the load/displacement curve, representing the 

total fracture energy (as calculated in Figure 92). 

 

Figure 91: Typical load vs displacement DCB results obtained from glass slides “glued” together via 

polymeric self-healing PBS interface. The glass surfaces were subjected to different treatments in order to 

evaluate the effect of hydrophilicity, hydrophobicity or no treatment, on the results. Test rate of 1 

mm/min.  

 

Figure 92: Work of Fracture calculated for hydrophilic, hydrophobic and plain glass/PBS interfaces. Test 

rate of 1 mm/min. Results obtained from the area under the load/displacement curve for DCB test. 
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From these results, repeated three times for each interface, the critical energy release rate was 

calculated using equation (4.4) by considering the critical value at the peak of the load vs 

displacement curve. The results are reported in Figure 93, where it is possible to see how the three 

interfaces show similar fracture energies, between 21 Jm-2 and 31 Jm-2. However the error reported 

shows significant differences between hydrophilic samples and hydrophobic ones, showing higher 

values for surfaces with hydrophilic treatments.  

 

Figure 93: Bar graph showing the results of critical energy release rates obtained for DCB glass/PBS 

samples with modified interfacial adhesion. The interfaces tested are Hydrophilic, Plain and Hydrophobic 

Glasses. 

 

In order to understand these results, and define the optimal interface to be used in the fabrication 

of composites, optical pictures of the samples were taken before (virgin interfaces) and after DCB 

testing (fractured interfaces) and are shown in Figure 94. The three virgin interfaces look similarly 

transparent, underlying a homogeneous interface, apart from the interface obtained with 

hydrophobic surface modification. All of the samples prepared through this route presented non-

homogeneous interfaces with uncoated areas. This inhomogeneity was carried through during crack 

propagation, resulting in a smaller surface for adhesion.  
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Figure 94: Top views of glass/PBS interfaces (hydrophilic, plain and hydrophobic) before and during crack 

propagation. The opaque area on the right-hand side pictures (arrows) indicates the formation of thin 

capillary bridges of polymer between the two glass slides upon crack propagation. Distance between each 

bar 1 mm. 

 

Samples prepared with a hydrophilic surface treatment, that showed higher strengths and higher 

energy release rates, exhibited a different behaviour. The interface in virgin samples was initially 

homogeneous, however, upon crack propagation it is possible to observe an initial stress increase 

after the first few millimetres of crack propagation, followed by a sudden stress release (Figure 91, 

red line). This is visible optically as well, showing on the top right hand side of Figure 94 a de-

bonded area deprived of bridges in the middle of the sample, indicating a sudden release of stress 

impairing the homogeneous formation of bridges in the sample. In other words, the adhesive in the 
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middle “snaps” preventing the formation of polymeric bridges. The more homogeneous distribution 

of polymer bridges behind the crack tip occurs for plain glass samples bonded with PBS, as shown in 

the right middle section of Figure 94. This behaviour is reflected by the load/displacement curve in 

Figure 91 (green line) which presents a more stable and homogeneous stress release trend. Due to 

surface homogeneity and energy release rate results, the resistance to crack propagation was studied 

only in samples with no surface treatment and with hydrophilic surface treatment. Hydrophobic 

treatment, in fact, seemed to impair complete and homogeneous spreading of the polymer between 

the interfaces. 

Figure 95 shows the data of the variation of energy release rate with growth of crack length for both 

the samples (hydrophilic on the left and plain glass on the right). Hydrophilic treated surface sample 

shows unstable crack-growth behaviour. The sample obtained with no surface treatment, shows 

instead a rising R-curve behaviour. For this reason, samples obtained with no surface modification 

were chosen for further interfacial experiments. 

 

Figure 95: R-Curve graphs for DCB tested samples obtained with hydrophilic surface treatment (on the 

left) and no treatment (on the right). Raising R-curve behaviour can be observed in the sample obtained 

with no surface treatment. Calculation of the values was effectuated through SBT method. 

 

5.4.2 Effect of Thickness and Displacement Rate  

After having tested the polymer’s rheological behaviour, as a consequence of the results showing a 

shear-thickening response, the interfaces were examined in DCB mode with varying displacement 
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rates. In Figure 96 the results for interfaces tested with different thicknesses are reported. The 

results show that the critical energy release rate (Gc) depends on the thickness of the layer and on 

the displacement rate. Due to the shear-thickening behaviour of the polymer the results show higher 

critical energy release rates for bigger displacement rates. Furthermore, thicker interfaces show 

higher critical fracture energies than thinner interfaces, of more than 50% and of the order of 75 ± 

10 Jm-2 when tested at rates of 20 mmmin-1. At this rate, thin interfaces (5-10 micron) show fracture 

energies almost one order of magnitude smaller than thick interfaces (200-400 micron).  

 

Figure 96: Variation of the critical fracture energy with displacement rates and thickness of the interfacial 

layer. Due to the shear-thickening behaviour of the polymer, the energy increases with displacement speed 

although this increase is more noticeable for thicker layers. More plastic deformation results in higher 

energies for thicker layers. 

 

5.4.3 Healing Times 

From the results above, it would seem an optimal decision to use thicker interfaces in order to 

obtain tougher interfaces upon higher strain rates. However, the healing time that the interface 

takes to re-gain its initial strength is another important factor to be taken into account. Firstly, the 

self-healing behaviour of the interfaces was followed optically. After fracturing of the sample during 

DCB testing, the two surfaces are brought back in contact and the polymer spreading is recorded in 

top-view with time in an optical microscope. A set of images representative of these experiments is 

6 
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shown in Figure 97. The darker areas represent the de-bonded areas where, during fracture 

propagation, the polymer has formed fine bridges. The clearer areas instead represent parts of 

bonded interface. As evident from the test, the polymer, over time, spreads along the interface until 

forming an almost completely homogeneous interface after only 2 hours.  

 

Figure 97: Sequential optical images (top view) of fractured DCB glass/PBS interfaces spreading and 

healing with time (neither pressure nor heat applied). The images were recorded at intervals until a total 

healing time of 2h.  

The data of the recovered surface, expressed as the percentage over the total area of the bonded 

interface, is reported in Figure 98. This data has been recorded for three different samples tested in 

the same conditions: in DCB mode at 1 mmmin-1 opening rate and with an interface thickness of 

~20 micron. From the graph it is possible to observe how the interface after only 10 minutes has 

already re-bonded above 50% of the area and after only 2 h, the interface reformed is above 80%. 
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Figure 98: Percentage of healed area with time. Due to its properties the polymer flows closing 

macroscopic defects and reforming the interface upon closure and without external pressure. Around 80% 

of the interface is reformed after only 2 hours. 

In order to prove mechanical interfacial healing alongside the optical interface spreading/recovery, 

DCB tests have been carried out on several samples. Upon closing the interfaces, the samples were 

left healing for a set amount of time and the load/displacement behaviour was recorded again. The 

typical healing behaviour in load/displacement under DCB testing is reported in Figure 99. 

 

Figure 99: Force/displacement curves from a DCB tests: as the interface heals, the strength is gradually 

recovered. Around 50% is recovered in the first 5 minutes with complete healing in 1-2 days. Thickness of 

the interface 20 micron and displacement rate 1 mm/min. 
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As visible in the graph, the load/displacement curves’ areas increase with time, maintaining the 

same profile of the virgin sample. It is possible to see that after only 5 minutes healing the 

maximum load of the sample is above 50% of the virgin curve. In 1-2 days the healing is complete 

and the maximum load reaches the virgin values again. These results have been analysed for 

multiple samples with several thicknesses, in order to understand the effect of variation of thickness 

of the interfacial layer on the healing time and percentage of the sample. As shown in Figure 100, 

thinner interfaces exhibit faster healing times. The final healing is similar in percentage in both thin 

and thick interfaces, with thicker interfaces being slightly above 100% healing.  

 

 

Figure 100: Percentage of critical fracture energy healed with time. Test effectuated in DCB interfaces for 

samples with different thicknesses.  

 

5.4.4 Comparison With Commercial Polymers 

It is fundamental to understand the limits of this system in terms of strength, healing times and 

efficiency. For this reason in this work, two soft interfaces have been tested, and compared to the 

self-healing PBS: a reversible commercial adhesive (Scotch® glue), and a commercially available 

supramolecular ureido-pyrimidone (UPy) polymer with quadruple hydrogen bonding from 

Suprapolix Ltd[43]. The results of these experiments are reported in Figure 101.  
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Figure 101: Double Cantilever Beam tests of self-healing interfaces. On the left, Representative 

force/displacement curves of DCB tests (inset) carried out for 3 different interfaces. On the right, 

Evolution of the degree of healing of the same sample (percentage of strength recovered) with time after 

closure. The reversible adhesive shows very poor recovery of the interfacial strength. The UPy polymer 

shows good initial healing, however, multiple healings are difficult and interfacial adhesion deteriorates 

after several cycles. In both cases less than 60% of the strength is recovered and it seems to saturate after 

healing times of only a few minutes. The shear-thickening-PBS interface can instead recover full strength 

as the polymer flows and reforms the interface without applying pressure. Test repeated on the same 

samples for the whole set of healing times. 

On the left, representative force/displacement curves for the three adhesives produced with DCB 

testing are shown. The supramolecular UPy polymer generates strong interfaces which are highly 

adhesive, resulting in the fracture of the thin (1 mm) glass substrates. For this reason thicker glasses 

(1 cm) were required for the experiment. It was however proven to be very difficult to create 

homogeneous interfaces due to several factors. Chloroform was needed to dissolve the polymer. 

However, due to its high volatility, only very thin interfaces could be formed that dried very quickly 

and were very susceptible to contamination by impurities such as dust. Upon bringing the two 

surfaces into contact, the polymer showed difficulties in spreading due to both the presence of dust 

particles thicker than the interface, and the solid character of the polymer (even under moderate 

heat and pressure). This problem was present upon re-joining of the two interfaces after initial DCB 

fracture as well. The reversible adhesive shows, on the contrary, very low degrees of adhesion if 

compared to the PBS interfaces. On the right hand side of Figure 101, the degrees of healing (in 

percentage to the virgin fracture), with healing times, are reported. The graph shows that the glue 

commonly used for Post-it notes has partial self-healing capabilities in a DCB interface system, 
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however its self-healing efficiency saturates only after a few minutes. In fact, the maximum healing 

of these interfaces resulted to be around 13 ± 2%, with this value being reached after the first 10 

minutes of healing and showing a plateau for subsequent longer healing times. On the other hand, 

the very strong interface of the UPy polymer shows maximum healing of around 60 ± 7%, saturating 

at 10 minutes only. If the fracture is propagated again between the interfaces, the polymer shows 

lower healing capabilities being able to reach less than 50% of the initial strength, even after 24h 

healing.  

The critical energy release rates have been calculated for all three of the interfaces and have been 

reported in Figure 102. It is possible to see how relevant the difference is between the results 

obtained with a PBS interface compared to the other UPy and soft glue interfaces. UPy and soft glue 

interfaces result in critical energy release rates respectively of 1.2 ± 1 Jm-2 and 3.1 ± 0.9 Jm-2, whereas 

PBS interfaces have energy release rates of around 23 ± 3 Jm-2, almost an order of magnitude higher 

than the other two interfaces.  

 

Figure 102: Critical Energy release rate results obtained for three different interfaces: Glass/PBS, 

Glass/soft glue, and Glass UPy polymer. The results obtained by using Glass/PBS interface are around 

one order of magnitude higher than for the other interfaces tested. 
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5.4.4.1 Double)Cantilever)Beam)Testing)of)PBS/rGO)interfaces)

DCB tests were carried out in order to evaluate both mechanical and self-healing responses of the 

interfaces obtained via bar-coating of PBS/rGO blends in ethanol on glass slides. Thicknesses of the 

coatings obtained ranged between 20 and 40 microns. The results obtained are reported in the 

following paragraphs, where the influence of rGO on the interfaces is examined with respect to the 

filler loading, opening rate, force/load displacement and healing behaviour.  

 

5.4.4.1.1 Healing,times,

As for PBS-only interfaces, the DCB tests have been carried out on virgin samples and on samples 

left healing for set amounts of times, in this case, 1min, 10 min, 1h and 24h. The resulting curves 

are reported for a sample obtained with a PBS/rGO blend of 0.5 wt.% rGO and LMw PBS and 

shown in Figure 103.  

 

Figure 103: Force vs. displacement behaviour of 0.5 wt.% rGO/DCB interfaces tested in DCB 

configuration. Results are reported for virgin curve and subsequent healed steps. 
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The graph reported shows that complete healing is not reached after 24 h in terms of curve shape, 

and the peak stress reaches around 87% of its initial value. The curves look similar in shape and 

show a stick and slip behaviour highlighted by the presence of “bumps” on the trend of the curves.  

 

5.4.4.1.2 Influence,of,opening,rate,and,rGO,content,

In Figure 104, the results calculated for the critical energy release rates tested in DCB mode for the 

5 blend compositions of rGO/PBS, are shown for two different opening rates: 1 mm/min and 10 

mm/min. The values range between 6±4 Jm-2 and 12±4 Jm-2. The error reported, based on the 

standard deviation between three measures for each sample type, does not allow for a significant 

identification of the differences between the prepared blends. The same happens for the 

identification of differences in the samples tested at different opening rates. Speculations could be 

made of a trend, however the big error bars do not allow for any definitive trend to be observed 

from the reported data.  

 

Figure 104: Values for critical energy release rate reported for different rGO/PBS blends with rGO 

content varying between 0.05 wt.% and 1 wt.% and including 0 wt.% as reference. The results are reported 

for DCB tests effectuated with opening rates of 1 mm/min (on the left) and 10 mm/min (on the right). 
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5.5 General Discussion  

 

The high adaptability of the system described in this chapter relies on the possibility to vary and 

optimise multiple parameters. Parameters such as interfacial thickness, interface functionalization, 

variation of polymeric species and molecular weight, and addition of fillers, impart high flexibility of 

use of the simple interfacial self-healing model shown here. The versatility relies as well on the 

possibility to further enhance mechanical properties by varying the inorganic component.  For 

interfaces prepared with glass, the optimal parameters found include thin interfaces prepared with 

soft shear-thickening self-healing PBS polymers on acetone-cleaned glass substrates. The reason 

behind the choice of this polymer lies on the efficiency of the healing process. From the results 

shown in Figure 97 and analysis in Figure 98, it is possible to deduce that one of the main healing 

mechanisms is due to polymeric spreading and filling the voids created upon fracture propagation. 

The spreading mechanism is driven by the rheological viscoelastic behaviour that exhibits shear-

thickening properties, as shown in Chapter 4. The rheological measurements of the bulk polymer 

show its ability to flow at low shear stresses (important for homogeneous and efficient healing) and 

the solid-like behaviour at high frequencies, imparting strength and increasing the energy release 

rate of the interfaces during DCB testing. The flow of the polymer when subjected to very low shear, 

allows for the complete filling of holes left behind after crack propagation, and the re-formation of 

the reversible bonds in the polymeric structure. Furthermore, possibly acting in this system, are 

capillary forces. The polymer wets the glass and the capillary forces promote its spreading in the 

interface, filling the pores and bringing the glass plates together allowing for a faster and more 

homogeneous healing. A concurrent step taking place at the same time is the reformation of 

chemical bonds in the structure due to the presence of weak B-O dative dynamic bonds, as reported 

by Li et al.[253], and observed in FTIR analysis shown in Figure 87. When the polymer is tested as 

an interface in DCB configuration, it is possible to observe a series of effects due to its viscoelastic 

nature. Thicker polymer layers promote larger energy release rates associated with an increase in the 

non-elastic deformation; for this reason, thicker interfaces show higher critical energy release rates 

(Figure 96). Due to the shear-thickening nature of the interface, faster displacement rates also 

increase the fracture energy with the effect being more significant for thicker layers. For lower 

testing rates, the difference due to interfacial thickness is not significant and all of the interfaces’ 
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fracture energies fall in the range of ~10± 10 Jm-2. This is due again to shear-thickening behaviour of 

the soft phase, which for the lower shears tested of 0.05 mmmin-1 behaves like a liquid.  

The study of different polymeric interfaces during this work has highlighted the importance of the 

presence of a soft interface with good adhesion. The use of self-healing polymers showing strong 

adhesion to glass interfaces (calculated from the peak force to be in the order of strengths of MPa, 

one order of magnitude above the interfaces created with PBS), as reported in[43], and very low 

thickness, caused the fracture of the inorganic component. This behaviour illustrates the 

importance of a careful balance between the organic and inorganic phases; the interface should be 

strong, enough to provide stability to the system, however not too strong in order to promote the 

propagation of fracture through the interface itself rather than through the inorganic component. 

This is a relevant step during the healing process, as, if the inorganic part is subjected to fracture, a 

complete recovery will not be possible.  

These results are underlined by the fact that the use of commercially available supramolecular UPy 

polymers does not allow multiple healings (Figure 101, right). This is due to a mechanism of 

passivation of the active bonds on the interface that occurs even in bulk material. There are two 

main reasons behind this mechanism. Firstly, the presence of dust in the environment (even in low 

concentrations) affects the re-formation of bonds between the interfaces, due to both steric spacing 

impairing the complete contact between the two interfaces, and active self-healing bonds being 

shielded by external particles. Secondly, with time, the bonds present on the exposed/fractured 

surface re-arrange themselves by bonding with other molecules on the surface itself, becoming 

unavailable for interfacial healing (as previously observed in literature[37]). 

The use of a soft reversible glue shows to be inadequate for healing purposes, as under repeated 

fracture, the interfaces re-gain only 20% of the initial strength. This is due to the inability of the 

glue to flow and heal when no stress is applied. The fracture of the interface progresses through the 

formation of voids and their coalescence ahead of the crack front. When closing the interface these 

voids remain open for UPy and reversible glue systems since they do not flow well under low shears. 

The interface re-formed in these cases is therefore full of defects and weaker. 

As visible in the graph (Figure 101), the use of PBS as an interface obviates most of these problems. 

The presence of a viscous flow phase between the adherends, allows homogeneous spreading of the 

interface. Furthermore, the presence of dynamic reversible covalent bonds makes the surface 
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constantly active for re-formation of bonds and self-healing. Due to these important properties, the 

PBS/glass DCB interfaces manage to recover above 70% of the initial strength only after the first 30 

minutes, healing and recovering completely the virgin strength (94 ± 7%) after only 24 h healing 

with no pressure or heat applied.  

The results and comparison between the three different interfaces highlight the importance of the 

choice for the optimal components in the design of an interface. The strength of the adhesive in this 

case does not seem to be the most important factor to be taken into account. A careful balance 

between adhesion, strength and self-healing, has to be accounted for, whilst designing an interface 

with stable crack growth and continuous autonomous self-healing capabilities. In this case a 

glass/PBS interface (20 µm thick) was proven to be the best amongst the tested interfaces. For this 

reason, this work has been focused on the modification of these interfaces through different 

additives in order to improve their capabilities and optimise the responses during testing, and to 

obtain an optimal interface to be used in self-healing composite fabrication. 

As an example, rGO was used as filler in the self-healing polymeric network of PBS to understand 

the variation of properties imparted. The modified viscoelastic material seems not to provide 

electrical conductivity, even at high loadings. However, when analysed in bulk, the material shows 

some increase in storage modulus in high frequency response for higher loadings of rGO. This 

result however seems not to have an important influence on thin micrometric interfaces between 

two glass slides. DCB tests in fact show variable critical values of energy release rates (Figure 104) 

which do not seem to be affected by the % rGO content and variation of opening rates. Reduced 

energy release rates are recorded (if compared to 0 wt.% rGO blends) and the healing appears to be 

slowed down. In Figure 105 a comparison analysis of healing efficiency in percentage of Energy 

release rate vs. time of healing for rGO filled PBS interfaces and simple PBS interfaces is reported. 
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Figure 105: Comparison of DCB healing test with time of healing for 0.05wt.% rGO/PBS interfaces and 

PBS only interfaces. 

From the graph it is possible to observe how the introduction of rGO as filler, even in very low 

concentrations, alters the healing behaviour of the interfaces tested in DCB configuration. In fact, 

the healing is slowed down possibly due to a variation of viscosity or to the role of graphene in the 

network, acting as a barrier for new bonds. The same 80% healing occurs in only 2 hours for the 

PBS interfaces and in 24 hours for rGO/PBS blends interfaces. This can be partially attributed to 

the stick and slip behaviour occurring during crack propagation shown by the second type of 

interfaces, which might produce non-homogeneous areas of rupture due to possible re-arrangement 

of the graphene flakes under crack propagation and are therefore more difficult and slow healing. 

The stick and slip behaviour, can be referred to as temporal crack instability and it is often present 

during crack propagation of adhesive joints. It is characterised by a load/displacement curve saw-

tooth shaped, where the load required for crack propagation is greater than that required for stable 

crack growth[260]. An initiation load is reached when the energy accumulated is sufficient to 

instantaneously propagate the crack. The velocity of the crack then decreases and stops reaching an 

arrest load. As the crack propagates through the sample length, this behaviour can be repeated 

multiple times. Typical behaviour is partially due to the conversion of a part of the applied work 

into kinetic energy[261]. The reasons behind this behaviour are still unclear, however many have 

attributed this typical trend to specimen geometry, environmental conditions, test conditions or 

adhesive curing/inhomogeneity effects[262, 263]. Adhesive properties and dynamic effects have 
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both been taken into account when trying to determine the mechanisms behind crack arrest. 

Researchers have tried to evaluate the effects of the secondary crack initiations by using the bonded 

remaining area as the surface used for energy calculations[264]. However, in this study, the initiation 

fracture energy is still considered to represent the main value of critical fracture energy due to 

uncertainties linked to the secondary peaks and the possible effect of kinetic energy on the crack 

propagation. The criterion for stick/slip behaviour in rate dependence systems such as shear-

thickening adhesives in this study, is described as[265]: 

!"
!! > !

!!!
!!! !!!!!!!!!!!!!!!!!!!!!(5.2) 

where the rate dependence of the crack size ! is associated to both the applied strain energy release 

rate !  and the critical fracture energy value !! . The reason behind this peculiar behaviour is 

therefore attributed to inhomogeneity in the adhesive layer due to inappropriate dispersion 

techniques. The main problem observed in the technique of direct solution sonication lies not in 

the method itself, but in the initial preparation of graphene. The reduction process of GO to rGO 

in fact has been proven to wrinkle the flakes to a large extent and create agglomerates through Van 

der Waals interactions[266]. For this reason, recent dispersion routes include the use of particular 

surfactants or the chemical modification of the GO after reduction [267]. Furthermore the process 

of reduction itself breaks the flakes down, producing higher aggregation and consequent increased 

difficulties in homogeneous dispersion[268]. Another possible explanation for the stick/slip 

behaviour could be due to a re-arrangement of the graphene flakes inside the thin polymer film 

during the DCB test, causing further formation of inhomogeneity in the adhesive self-healing layer. 

These results show how important the homogeneity of the interface is during and after DCB testing. 

The formation of bridges proves to be a very important part of both the fracture propagation and 

the healing process. More homogeneous interfaces result in the formation of better-dispersed 

bridges behind the crack tip. The use of thinner interfaces promotes the development of a denser 

network of finer bridges that speeds up the process of healing and provides stable crack growth 

which is not possible for non-homogeneous interfaces as shown in Figure 103. The formation of 

soft bridges therefore plays an important role in the toughening mechanisms of the interfaces in 

presence of thin homogeneous interfaces where a rising R-curve behaviour can be recorded (Figure 

95). A non-homogeneous formation of bridges, moreover, is thought to be the main reason behind 

the lower strength obtained in samples treated with hydrophobic coating as the bridges offer a crack 
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tip shieling mechanism. On the left of Figure 95, the sample with hydrophilic surface, shows 

unstable crack-growth behaviour, not resembling a rising R-curve, making it difficult to distinguish 

the effect of toughening mechanisms such as polymeric bridges in the surface. This behaviour could 

be due to the particular load/displacement profile of the sample showing a variable release of 

energy, as the formation of capillary bridges is not constant (Figure 94). On the other hand, the 

sample obtained with no surface treatment, shows a rising R-curve behaviour, typical of stable crack 

growth under the effect of toughening mechanisms. In this case, the behaviour can be attributed to 

the homogeneous formation of polymeric bridges behind the crack tip, and nucleating ahead of it 

(as shown in Figure 106). The bridges therefore contribute to the raising R-curve behaviour. 

Another characteristic shown by the interfaces is the dependence of healing speed on the thickness 

of the interfaces. As shown in Figure 100, faster healing occurs with thinner interfaces (around one 

order of magnitude above the thicker ones). This behaviour as well, has to be attributed to the 

formation of soft bridges. Thinner interfaces, upon fracture propagation, will promote the 

formation of a much denser pattern of thinner bridges. This increases the homogeneity and speed 

of the healing process by producing a bigger surface area of bonds available for re-formation. For 

this reason, even considering the lower fracture energies, thinner interfaces (around 20 micron) 

were the preferred candidate in this project due to extremely fast recovery times if compared to the 

thicker ones. 

In order to compare the results obtained for energy release rates in the DCB tests, the “area” and 

“displacement” methods described in Chapter 2 were calculated for both hydrophilic and plain glass 

interfaces and related to the SBT method. The results, reported in Figure 107, show correlation in 

the results between the three different methods of calculation. The “area” method is the most 

divergent; this can be attributed to experimental error while taking the area sizes and the uncertainty 

of the correlation of the crack-size to the strength. The error shown by the “displacement” method 

can be again attributed to uncertainty in precise calculation of the crack length. However, as a 

further cross-check, for both hydrophilic and plain glass DCB tests, the modulus of the glass was 

calculated by substituting the experimental values in: 

! = !8!!
!

!ℎ!! !!!!!!!!!!!!!!!!!!!!(5.3) 
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where ! is the displacement and a is the crack length. The results for both substrates give values of 

E= 65 ± 5 GPa, matching the value used as the glass’ modulus of 70 GPa.  

 

Figure 106: Mechanisms of bridges nucleation and crack propagation during DCB of Plain Glass/PBS 

interface. Distance between two ticks, 1mm. 

 

 

Figure 107: Energy release rate vs crack length in DCB tests of glass/PBS interfaces with hydrophilic and 

no functionalization. Comparison between the three methods reported by Blackman et al.[221]. 

Another interesting characteristic of these systems has been observed in the increase in strength 

after healing as shown in Figure 100. This behaviour has also been observed in bulk self-healing 

polymers[27, 46]. It is usually attributed to the fact that in extrinsic healing systems, the healing 

agents result to be stronger than the matrix [8]. In our case, it is possibly due to the structural re-

organisation of the molecules and bonds after fracture.   
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The understanding of the limit of optimisation of the system reported in this work has to be gained 

from the observation and study of the behaviour of the interfaces in natural materials. The organic 

layer in Nacre (below 5 vol.% of the whole structure) has been reported to be composed of mainly 

protein fibres (chitin) and a number of other proteins (among which perlucin, perlustrin and 

perlwapin) working towards the nucleation, inhibition and structure of growth of the aragonite 

crystals forming the inorganic component of nacre[269-272]. The structure is arranged in a β-chitin 

core in a sandwich structure of silk fibroin hydrogel and other protein fibres[273, 274]. The organic 

structure formed has been found to be porous, in order to allow the formation of mineral bridges 

between the inorganic aragonite platelets[273]. The high strength of nacre is mainly provided by the 

mineral bridges and the arrangement of the inorganic platelets, as the modulus of the organic 

component (G≈0.3 GPa, shear modulus[273]) is three orders of magnitude less than the modulus of 

the inorganic component. Not many have managed to study the mechanical properties of the 

organic nacreous matrix, however, the hydrogel composition makes of it a soft polymer, closer to the 

mechanical behaviour of the studied PBS than the harder UPy polymer provided by Suprapolyx ltd. 

The difference between the two systems’ design however still resides in the presence of strong 

mineral bridges in between the interfaces. The similarities to the glass/PBS system can furthermore 

be observed in the bone structure. At the microscopic and nanoscopic levels, the organisation of the 

structure in calcified collagen fibres acting as reinforcement in a matrix of non-collagenous calcified 

proteins[275] provides the self-healing properties of the structure by the breakage and reformation 

of calcium-mediated reversible bonds[4]. A similar mechanism is in fact shown by the reversible 

bonds created in the PBS structure through the B-O cross-links (further explained in Chapter 6). 

The main difference present in biological materials is the formation of mineral bridges (both in 

bone and seashells) acting to strengthen the organic/inorganic interfaces during shear and bending 

of the materials. However, it is hypothesised in this work that the rupture of these bridges would 

impair the mechanical properties of a self-healing organic/inorganic composite since, after fracture, 

those structures would not be able to re-form.   
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5.6  Conclusion 

 

A review of literature shows that most self-healing materials researched so far, either require an 

external stimulus to heal, or cannot heal multiple times (Chapter 1). The use of soft self-healing 

materials however (such as supramolecular polymers) impairs any mechanical load bearing 

application. These soft polymers however can be used to promote healing at the interface of 

inorganic hard phases. In this chapter it has been shown that Polyborosiloxane (PBS), a self-healing 

network with dynamic boron-oxygen bonds, can be used as an inorganic self-healing interface 

showing healing properties via two main steps: polymer spreading and bond reformation with 

typical complete recovery times of ~24 h. It is possible to test these interfaces using DCB methods, 

and showing that, as proven by rheological analysis, the shear-thickening behaviour of the polymer 

affects the fracture interface energy when the samples are tested at different speeds. Higher speeds 

result in stronger interfaces. However, when tested at higher speeds the samples tend to take longer 

to self-heal. This effect is attributed to the formation of polymeric bridges ahead of the crack tip 

during fracture propagation. For low speeds the bridges have the time to homogeneously form 

throughout the whole interface. For high speeds instead, the interface behaves in a more brittle 

manner and the bridges do not have the time to form, forcing the polymeric interface to snap. The 

uniformity and density of the bridges are key parameters for fast and efficient healing. The 

formation of thicker bridges for example (mainly occurring in thicker interfaces above 20 µm), 

creates bigger voids behind the crack tip that are made more difficult to fill once the two halves of 

the DCB specimen are brought back into contact. A comparison with different commercially 

available materials (a soft glue and a supramolecular self-healing UPy polymer) was carried out. The 

study shows that the use of a supramolecular UPy polymer allows healing, however it results in an 

interface too strong for the test carried out. Furthermore this class of polymers are subject to surface 

passivation once cut and left exposed to the environment, or simply after subsequent fractures, 

hindering multiple healings on the structure. Commercially available soft glues on the other hand 

proved to be too soft and showed a maximum healing after fracture propagation ranging around 15-

20% of the virgin sample. In order to improve the properties of the self-healing PBS polymer, 

several modifications were carried out, including the use of rGO as filler. Those modifications 



 

207 

 

 

however showed not to be significant when applied to micrometric interfacial layers. In conclusion, 

this work shows that a glass/PBS system is a good candidate for a model of a self-healing 

brick/mortar composite. This system is in fact capable of autonomously and repeatedly self-heal 

without the need of external stimuli, due to the efficient presence of a soft interface that can both 

flow to close fracture and be a stable component of the system. In the next chapter, brick and 

mortar models developed through the building blocks considered in this work will be studied and 

assessed for their mechanical and healing properties.  
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6 Organic/inorganic self-healing composites 

 

6.1 Introduction 

Living organisms are capable of producing highly complex and hierarchically organised architectures 

providing high strength, toughness and specific functions such as self-healing. Examples of these 

structures, as mentioned in Chapter 1, can be observed in bone, exhibiting self-healing properties, 

and in organisms such as seashells for example. Nacre is one of the main components of these 

organisms and it is arranged in a brick and mortar structure of micrometric-sized Aragonite platelets 

held together by a thin organic interface which acts as the mortar, increasing toughness and helping 

to absorb the impacts in the material[271]. The work of fracture of Abalone shells has been found to 

be 3000 times greater than that of aragonite crystals[112]. For this reason bioinspiration has become 

one of the main routes for the realisation of synthetic materials/composites with outstanding 

mechanical properties[70, 157, 276, 277]. Many techniques have been used while attempting to 

mimic the structure of Nacre, from layer by layer deposition to magnetic orientation and freeze-

casting to polymer/ionic bonding. All of those techniques produced highly strong and tough 

materials, however they did not allow for a true replication of the nacreous brick and mortar 

structure. The differences mainly exist in the thickness and length of the bricks and the lower total 

content of inorganic phase, which, in nacre, accounts for circa 98 vol.% of the structure, assuring 

high strength. Brick and mortar architectures and models have been developed in the past few years 

by multiple research groups following the characteristic structure and properties exhibited by natural 

composites such as nacre. Rabiei et al. for example, analysed the work of fracture of different shells 

and used it to model the behaviour occurring at the microscopic level during tension of the 

structures and the type of stresses present during platelet sliding or deformation[278]. Rabiei and 

other authors report the importance of the interlocking of the bricks due to the “waviness” or “dove-

tail shape” of the platelets upon sliding in the toughness of the natural composites studied[104, 

279]. Espinosa et al. implemented this model in ABS-epoxy nacre inspired composites where they 

evaluated the energy dissipated and stress of the composites during tension at the variation of 

dovetail angle and length[5]. An important parameter to influence the strength and toughness of 

these materials is the surface roughness and mineral bridging formed between the platelets[103, 
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106, 280]. Mathematical models describing the architecture of nacreous designs have been 

implemented by Katti et al. towards a deeper understanding of platelet interlocking due to dove-tail 

structures, and by Dimas et al. to explore different brick and mortar architectures and gauge the 

values of stress under tension[281]. Dimas et al. compared the three different modelled structures 

(bone-like, biocalcite-like and rotated bone-like) to 3D printed plastic structures (VeroWhitePlus and 

TangoBlackPlus) obtained by simultaneously printing both the mortar made with a soft polymer 

and the bricks made with a more brittle polymer. Their theoretical and experimental results are in 

accordance, proving the development of accurate models. Dimas et al. managed to obtain samples 

with fracture toughness of one order of magnitude higher than the single components used[282]. 

Those materials are, however, still far from ideal as the organic content is above 20 vol.%, whereas 

in nacreous structures it is one order of magnitude lower. Although many groups have attempted an 

optimal reproduction of the nacreous structure, not many have achieved the interesting properties 

shown by these materials. One of the difficulties in this approach lies in the ability to vary and 

optimise a number of parameters at the same time, such as inorganic content, mortar thickness, 

bricks roughness and dovetail shape and mineral bridging. 

 

In literature however none of these structures have been developed or used for self-healing 

applications. Some, limited, self-healing organic/inorganic composites examples can be found in 

literature in the class of fibre reinforced polymers and vascular networks. An example can be found 

in the work of Patrick et al.[283] where a vascular network (of two healing compounds) approach is 

applied to aerospace-grade woven fabrics by stitching of PLA monofilament channels in a pre-

arranged pattern. The test, carried out in DCB delamination configuration, shows healing 

efficiencies of the material above 100%. However, as all vascular network systems, it requires 

continuous availability of the healants in the network. Furthermore, the mechanism of release of the 

healing agents in the fractured interface, fundamentally changes the nature of the composite to a 

material that will not be able to undergo a large number of healing cycles, as the healed section 

formed by the mixture of the two healing agents will be unreactive. The healing moreover requires 

the use of light external heating (30 °C) and 40 h for complete healing.  
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The work carried out by Pang and Bond[49] proposes the use of hollow glass fibres as a 

reinforcement in an epoxy matrix (fibre volume fraction of 61%). The fibres (with an average 

diameter of 60 microns) are then filled with healants (uncured epoxy resin and hardener) and 

disposed in alternated layers of 0° and 90° orientation to store the two agents. The flexural strengths 

obtained with the composite are around 700 MPa, however, the healing efficiency of the composites 

can reach a maximum of 93% (requiring a 24 hours healing time) and it is not repeatable.  

 

Many are the limitations of these systems and scientists are working to overcome these issues in 

order to optimise the production of composite self-healing systems. For Example, numerical studies 

and modelling reported by Lee et al.[284] show how the incorporation of solid particles in a self-

healing composite system might favour the promotion of “patching” mechanisms at micro-cracks 

sites. However this study remains a theoretical design. 

 

The multiple optimisation parameters offered by brick and mortar architecture for the production 

of truly autonomous self-healing composites with high strength and toughness have not yet been 

explored. However it is believed by the author that brick and mortar structures represent an 

intriguing potential step towards the formation of a truly self-healing material able to withstand 

significant stresses applied and to completely and autonomously heal itself after damage. For this 

reason, this part of the work is based on the development of a model material, with a brick and 

mortar structure, able to heal autonomously and repeatedly without the use of any external stimuli. 

The load-bearing capabilities are imparted by the inorganic bricks, and the self-healing of the 

composite and adhesion of the bricks is brought by a soft thin self-healing interface. It is proposed 

that, in order for a structure to be completely self-healing, the inorganic component (in this case the 

bricks or the mineral bridges shown by nacre) should not break under stress. In case of inorganic 

bridges between the bricks or in the limit case of laminate composites, stress applied to the sample 

will result in fracture of the inorganic (non self-healing) component. The sample will therefore be 

irrevocably damaged and the strength recovery after self-healing of the organic soft phase will not be 

complete. Furthermore the sample, in case of laminates will exhibit a more brittle fracture under 

stress, with more limited toughening mechanisms developing during crack propagation (Figure 108 

a). In the case of a brick and mortar structure instead, the fracture will have the chance to propagate 
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in between the bricks, damaging only the self-healing organic soft interface, that will be able to re-

join the structure after damage. Furthermore, in this case, crack deflection and tortuosity will be 

inevitable (with the optimal parameters of brick ratio and adhesion strength), causing therefore an 

increased toughness of the material (Figure 108 b). 

 

Figure 108: Model difference in fracture propagation between lamellar structures and brick and mortar 

ones. The model proposed promotes the propagation of the fracture at the organic soft phase (b) and not 

through the inorganic phase, as it would happen in lamellar structures (a). 

 

In the design of the model structure therefore, mineral bridges are a disadvantage to complete self-

healing. During fracture the crack needs to propagate in the soft interface, able to heal 

autonomously after damage, and leave the bricks intact. A careful balance therefore has to be 

achieved between adhesion of the soft phase and strength of the inorganic building blocks. In 

Chapter 5 it has been shown how a good interfacial self-healing model can be achieved using glass 

slides and PBS, a soft self-healing polymer. In order to demonstrate the use of the PBS self-healing 

interfaces in a bio-inspired composite, here it is demonstrated the fabrication of model brick-and-

mortar structures that parallel those exhibited by natural materials such as nacre or silk although on 

a much larger scale. In these engineered composites, hard glass bricks with thickness varying 

between 0.14 and 1 mm, are held together by thin (5-10 µm thick) self-healing PBS layers (between 

0.5 and 4 vol.% PBS content). The materials, tested in bending, show complete and autonomous 

healings within one to four days. Several techniques for the production of bricks are evaluated and 

the effect of roughness is taken into account.  
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6.2 Materials and Methods 

6.2.1 Production of composite structures 

Glass slides (CORNING® Micro Slides, Plain, Thickness 0.96 to 1.06 mm) were cut in bricks of 

different lengths, cleaned in an acetone bath, dried and dip coated with the PBS/ethanol solution. 

A brick/mortar-like structure was then prepared by assembling the coated bricks and maintaining 

this assembly under a force of 50 kPa at 40 °C for one day. The final sample was comprised of seven 

layers with a resulting thickness of 7.0 ± 0.1 mm. The same procedure was carried out for the 

production of thin-bricks samples using glass slides with thickness ranging between 110 and 140 

µm. The final sample was comprised of 16 layers with a resulting thickness of 3.0 ± 0.1 mm. The 

bricks had a final approximate area of 2.5 mm x 6 mm. 

 

6.2.2 Structural Optimisation 

In order to evaluate the influence of brick length on the final strength and healing capabilities of 

the composite, 1 mm-thick bricks have been cut in different lengths varying between 7.5 and 12.5 

mm. Examples of the thick-brick composites can be seen in Figure 109, where both thickness of the 

bricks and of the polymeric interface have been evaluated via optical imaging. An example of the 

composites prepared with thin bricks can be observed in Figure 110.  

 

 

Figure 109: Optical micrographs of thick brick and mortar composites showing brick thickness (average 

960µm) and interfacial layer thickness (average 20 µm).  
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Figure 110: Optical images of typical thin bricks/PBS composites as fabricated. The separations between 

bricks are mainly caused by optical effects. 

 

6.2.3 Surface Roughness 

Surface roughness was manipulated on thick bricks by grinding the glass with sand paper P600. 

Analysis of the resulting roughness was achieved via interferometry techniques using a Zygo laser 

interferometer. The results are shown in Figure 111, in a histogram plot on the left, indicating a 

depth of asperities ranging between -5 and +5 micrometres, and in a 3D image on the right. A plain 

glass slide was used as a control surface and the results, shown in Figure 112, indicate asperities 

ranging between -3 and +3 nanometres. 

 

Figure 111: Surface roughness analysed via Zygo interferometer of thick brick glass grounded surfaces 

showing (left) a 2D histogram plot defining the average roughness between 5 µm and -5 µm and (right) a 

3D model of the surface with colour bar indicating the depth of the plot. 
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Figure 112: Surface roughness analysed via Zygo interferometer of thick brick glass as received surfaces 

showing (left) a 2D histogram plot defining the average roughness between 3 nm and -3 nm and (right) a 

3D model of the surface with colour bar indicating the depth of the plot. 

 

6.2.4 Three point bending test 

A three point bending test was carried out as described in Chapter 2 on Zwick testing machines 

with variable span length depending on the size of the sample (span size 15 mm for samples of 

thickness 3.5 mm and span size 28 mm for samples of thickness 7 mm) and different speeds in 

order to monitor the effect of shear-thickening behaviour of the polymer on the composite. After 

fracture propagation, the samples were left healing under their own weight for a set amount of time 

with no pressure or heating applied and the percentage of recovery of the initial strength was 

recorded. 

 

6.2.5 Stress Relaxation Test 

The stress relaxation test was carried out on composites made out of bricks 12.55 mm long 

(thickness 1 mm) and a cross-sectional area of 5.20 x 4.95 mm2 on a three point-bending rig with a 

test span L of 50 mm. Two types of glass bricks were used: smooth, as received, and roughened with 

sand paper P600 (Figure 111). Force applied up to 15% of the maximum strength of the sample. 
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6.2.6 Tensile and Shear test 

Both tensile and shear tests were carried out on a Zwick / Roell® zwickiLine test machine with a 

load cell of 2 kN. Tensile specimens were prepared by coating glass slides with a rectangular area of 

approximately 19 mm x 13 mm with PBS LMw as described previously. The opposite surfaces of the 

glass slides were then glued with Super Glue® Loctite to metal grips subsequently gripped in the 

machine. The test was performed at three different speeds: 0.1 mmmin-1, 0.5 mmmin-1 and 1 

mmmin-1. For the shear test, glass slides were overlapped for an area of approximately 22 mm x 26 

mm coated with a polymer layer at the overlapping interfaces. The two uncoated ends were 

symmetrically gripped at the sides by the 10 kg testing rigs. The glass slides were pulled lengthways 

apart from each other at different speeds: 0.1 mmmin-1, 0.5 mmmin-1 and 1 mmmin-1 (same rates as 

the ones used for the tensile test).  
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6.3 Results: Mechanical Tests on Brick and Mortar Composites 

6.3.1 3-point bending  

The typical force vs. displacement curves obtained for brick and mortar glass/PBS composites are 

reported in Figure 113. On the left hand side the behaviour of the thin bricks composite is shown 

and on the right hand side the behaviour of the thick bricks composite.  

 

Figure 113: Typical force vs. displacement curves exhibited by brick and mortar self-healing composites 

with thin 0.14 mm bricks (a) and thick 1 mm bricks (b). Test carried out at 1mm/min controlled 

displacement. 

The composites obtained with thinner building blocks show more homogeneous fracture 

propagation when compared to the thick composites. The progressive behaviour of fracture 

propagation of the brick and mortar composites is shown in Figure 114, where three different 

samples are compared: a) thick glass/PBS composites with average brick length 12.55 mm, b) thick 

glass/PBS composites with average brick length 7.55 mm and c) thin glass/PBS composites with 

average brick length 2.5 mm. The image shows from steps 1 to 4 respectively the sample before crack 

propagation, at crack initiation, during crack propagation and after healing. The healing was carried 

out without any pressure or heat applied by leaving the samples on a surface for a set amount of 

time. The pictures, taken during tests carried out at a rate of 0.1 mm/min, show the formation of 

polymer bridges during the propagation of the fracture (a3 and b3). Furthermore it is important to 

observe the fracture propagation through the bricks occurring in the sample prepared with long 

bricks. This phenomenon was observed in all the samples with bricks longer than 9.5 mm in thick 

glass samples. The fracture instead, for samples with bricks below 9.5 mm in length, propagates in 
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between the bricks without fracturing the inorganic part and allowing for complete and 

autonomous healing of the structures. 

 

Figure 114: evolution of three-point bending fracture propagation in a) thick bricks/PBS composites with 

average brick length of 12.25 mm, b) thick bricks/PBS composites with average brick length of 7.55 mm 

and c) thin bricks composites with average brick length of 2.4 mm. The images show from 1-4 the initial 

sample, crack initiation, crack propagation and sample autonomous recovery after healing (1 day self-

healing time). Samples tested at 0.1 mm/min. 

 

6.3.1.1 Effect)of)Brick)Thickness))

The values of ultimate flexural strength reported for thick brick and mortar structures range 

between 1 MPa and 10 MPa. However, the brick and mortar structures able to completely and 

autonomously heal are those that do not undergo brick fracture during testing. For thick-brick 

structures, the values of strength reach around 2-4 MPa. Thin glass composites instead obtain 

strengths up to 7-8 MPa without fracture of the bricks, therefore completely recovering their 

strength after healing (Figure 114). 
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6.3.1.2 Influence)of)opening)rate)and)brick)length)(thick)bricks))

Flexural tests have been carried out on thick glass/PBS composites in order to evaluate the effect of 

brick length and of testing rate on the flexural strength of the samples. The results are reported in 

Figure 115 where bricks lengths comprised between 7 and 13 mm are compared. The rates tested 

were 0.05, 0.1, 0.5 and 1 mm/min. A trend is evident showing a correlation of both the parameters 

to strength. A strength increase can be recorded for both an increase in rate (highlighted by the lines 

not overlapping and with increased y intercept) and an increased length. The strength increased 

with brick length; composites fabricated with longer bricks (>12 mm) showed more than double the 

strength of those made with shorter bricks (below 10 mm). However, the use of long brick 

composites implied fracturing of the bricks themselves, as shown in Figure 114a. 

 

Figure 115: Effect of opening rate and brick length in thick bricks/PBS composites on the flexural 

strength of the virgin composites. A small increase in strength is observable for all of the composites for 

increased rates. The lines indicating the rate in fact have a higher intercept for an increase of rate. For 

longer bricks as well, the samples result stronger. Fracture in the samples with brick lengths below 10 mm 

is always interfacial with no brick fracture. 

In situ optical micrographs taken during bending tests carried out at fast rate (1 mm/min) and slow 

rate (0.1 mm/min) on composites formed with thicker (1 mm) bricks, have been reported in Figure 

116 (respectively a and b). Due to the shear-thickening behaviour of the interface, the fracture rate 

affects the strength with higher values reached at faster displacement rates. Fracture is also “cleaner” 
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during faster fracture (displacement rate of 1 mm/min) but long polymer bridges form during slow 

fracture (0.1 mm/min).  

 

Figure 116: Effect of testing rate on the formation of polymer bridges at the interfaces between the bricks 

shown in thick bricks/PBS composites. High testing rates (a) do not allow the polymer to stretch and form 

bridges, therefore the interface “snaps” making quick healing more difficult. Lower rates (b) instead 

promote the formation of viscoelastic bridges between the bricks favouring fast and complete healing.  

6.3.1.3 Healing)times))

After fracture, the samples are left healing for set amount of times on their own weight, and the 

load vs. displacement behaviour is tested again in order to evaluate the differences between initial 

(virgin) samples and the samples after healing (example of thin glass/PBS sample load/displacement 

curve shown in Figure 117). 

 

Figure 117: Force vs. Displacement curves of a thin brick/PBS composite as shown in Figure 114 c, 

showing the behaviour of a virgin sample (initial) and the curves displaced by the same sample after 5 

minutes, 1 day and 4 days left healing without external stimuli. Test carried out at 0.1 mm/min. 
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Figure 118 reports the evolution of the tick composite’s three point bending strength with time after 

healing (no external pressure applied). Materials with brick lengths below a critical value (~9.50 

mm) exhibit full interfacial fracture and recover all their strength after four days, while recovery is 

only partial for materials with longer bricks that undergo fracture during the first test. As for the 

interfaces, the materials can be stronger after healing. This phenomenon has been reported 

previously in literature for some self-healing polymers[22, 27], however the reason for it is still not 

completely clear for this particular case. It could possibly be attributed to re-arrangement of the 

bonds after fracture. 

 

Figure 118: Effect of time of healing and brick length on the % of strength recovered compared to the 

virgin sample in thick brick/mortar composites. It can be observed that composites with long bricks will 

not recover 100% of the initial strength due to the fracture of a number of bricks occurring during three 

point bending tests. The samples with brick length below 10 mm instead showed all approximately the 

same recovery above 60% after the first 5 minutes and 100% after 1 day of healing. 

As expected from the shear thickening behaviour of the polymer, high loading rates result in higher 

strengths (Figure 115). Despite the “soft” nature of the polymer, the strengths can reach significant 

values (up to 10 MPa in thick brick composites) due to the strong polymer/glass adhesion and the 

use of thin interfacial layers.  
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6.3.2 Stress Relaxation – influence of bricks roughness 

Nature uses in nacre the roughness of the ceramic layers to increase the robustness of the 

composite. In order to replicate nature’s strategy, composite samples with bricks roughed 

mechanically were prepared. The results show that the rough interface leads to an increase of 

approximately ~30% in strength as shown in Figure 119, from 6 ± 0.5 MPa to 9.5 ± 0.5 MPa in 

three point bending using thick bricks 12.55mm long.  

 

Figure 119: Stress/displacement curves reported for brick and mortar self-healing composites with smooth 

(dashed line) and rough (solid line) glass surfaces. Both of the samples were fabricated with same 

dimensions and brick length using 1 mm-thick bricks. Final composite thickness 4.95 mm and depth 5.40 

mm; testing span 5mm. 

 

Stress relaxation results were carried out on both rough and smooth brick samples and are reported 

in Figure 120. The samples exhibit less relaxation for smooth interfaces, and are able to retain 

approximately 60% of the applied stress, compared to only less than 20% for rough interfaces.  
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Figure 120: Stress relaxation curves relative to thick brick/PBS composite samples in three point bending 

configuration tested under constant displacement after reaching a stress ~1/7th of the sample strength. 

 

6.4 Tensile and Shear tests 

Tensile and shear tests were carried out on simple interfaces and the results are reported in Table 9.  

Table 9: Results of tensile tests and shear tests on samples. Critical displacement indicating the 

displacement at the maximum tensile stress. 

Test Rate   Tensile Stress 
(MPa) 

Critical 
Displacement (mm) 

Shear Stress 
(MPa) 

1 mm/min 0.57 ± 0.05 0.28 ± 0.05 0.32 ± 0.05 

0.5 mm/min 0.54 ± 0.05 0.30 ± 0.05 0.24 ± 0.05 

0.1 mm/min 0.62 ± 0.10 0.40 ± 0.05 0.07 ± 0.05 

 

These results, as expected, show higher stresses (both in tensile and in shear) for samples analysed at 

higher speeds, due to the shear-thickening behaviour of the soft polymeric interface. 

The typical force vs. displacement curves for tensile and shear tests carried out on the interfaces are 

reported in Figure 121.  
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Figure 121: Force vs. displacement typical curves for tensile test and shear test on glass/PBS interfaces. 

Test carried out at constant displacement rate of 1 mm/min and areas respectively 230 and 560 mm2. 
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6.5 Discussion 

In this work, it has been shown that, through the use of a biomimetic design based on self-healing 

interfaces built from a relatively simple polymer, it was possible to create ceramic-based hybrids with 

strengths and recovery times comparable to those reported for structural polymer-based materials. 

These composites are able to repair autonomously, recovering all their strength at room temperature 

without any pressure applied. Furthermore it is important to highlight that this process can be 

repeated multiple times without loss of healing. Following nature’s approach, the interfaces are 

“soft” and thin, controlling the sliding of the stiff blocks and enhancing fracture resistance while 

promoting healing upon closure [70]. This mimics what happens in nacre, where the soft protein 

layers between calcium carbonate platelets act as a thin lubricant film that controls platelet sliding 

without compromising the strength of the material [285].  

This simple model system illustrates some key issues. Firstly, it is important for the inorganic 

component not to get damaged during crack propagation in order to ensure full healing. For this to 

happen, the fracture needs to occur solely between the organic/inorganic interface, allowing for the 

soft phase to “refill” the damaged areas. The critical brick thickness/length ratio is therefore a 

fundamental parameter to control. 

Wilbrink et al.[286], have developed a model to correlate critical brick aspect ratio and macroscopic 

response in brick and mortar samples held together by thin (much smaller than the bricks) adhesive 

interfaces. The bricks are defined to all have the same dimensions: width w and height h. In Figure 

122, the model proposed in their work is reported, showing the analysis of forces performed on a 

unit cell where the bricks overlap by s. It is assumed rigidity of the bricks, implying negligible elastic 

stretching of the inorganic component. Furthermore, for simplicity, the model is tested in tension, 

exerting therefore only two forces on the bricks: shear !!, occurring along the horizontal layers, and 

tensile !, occurring along the vertical layers.  
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Figure 122: Model of force balance proposed by Wilbrink et al. for brick and mortar structures in shear 

tension to determine optimal brick ratio and strength from adhesion and shear tests on the single 

components. (Adapted from [286]) 

It is possible, from these models, to estimate the optimum brick height/width ratio for composites 

strength while maintaining interfacial fracture from equation 6.1: 

ℎ
! = ! !!

(!!! − !!)
!!!!!!!!!!!!!!!!(6.1) 

 

Where !! is the peak cohesive stress in shear, !! is the peak tensile cohesive stress and !!! is the 

failure stress of the ceramic brick. Furthermore, it is possible to estimate the maximum work of 

fracture as: 

!! = !!!!!! 1+ ℎ
!

!!!
!!
− 1 !!!!!!!!!!!!!!!!(6.2) 

Where c is a dimensionless constant dependent on the form of the cohesive law (we will use c=1.36) 

and !!! is the critical displacement respective to the maximum stress peak in tension. We take !!! 

from literature to be equal to 33*106 Pa. 

The values of critical tensile stress, critical shear stress and critical displacement as reported in Table 

9, are used for the calculation of both !! and 
!
! using equations 6.1 and 6.2. The values calculated 

have been reported in Table 10 and presented in relation to the test speed that the experiments 

were carried out at. 
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Table 10: Calculations of theoretical work of fracture !! and critical brick ratio 
!
! by using the values 

reported in Table 9 from the tensile and shear tests. Results were calculated from the equations developed 

by Wilbrink et al.  

Test Rate ℎ
! 

!!  
(!!!/!!) 

1 mm/min 1/100 0.34 ± 0.05 

0.5 mm/min 7/1000 0.30 ± 0.05 

0.1 mm/min 2/1000 0.07 ± 0.05 

 

Due to the shear-thickening behaviour of the polymer, the optimal brick h/w ratio will depend on 

the displacement rate at which the test is carried out, since the polymer will exert more force on the 

single bricks in the composite (as shown in Table 10). The lowest value of brick ratio was found for 

tests carried out at 1 mm/min and resulted to be 1/100. This value is very far from the experimental 

value used for thin bricks of 1/18 and even further from the values of 1/8 used in thick bricks. The 

theoretical results found through the model of Wilbrink et al. are less than one order of magnitude 

higher than the values obtained for the composites. However it has to be acknowledged the fact that 

the tests carried out on brick and mortar samples were under flexion stress and not tensile stress 

therefore providing only an approximate value of h/w for comparison. Furthermore it is known that 

for the same material, values of tensile strength are normally lower than the values of flexural 

strength, therefore, the ratio for the samples tested in this work in tension should be lower, getting 

closer to the theoretical ratio. Moreover, the thickness of the polymer layer, the polymeric 

composition and the shape and defects of the bricks are all subject to experimental variations 

distancing the developed model from its theoretical counterpart. Experimentally, laminates are the 

strongest design. However, in terms of healing, they do not recover any strength due to complete 

layer fracture (shown in Figure 123).  
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Figure 123: Three-point bending of laminate composites made with glass slides and PBS interfaces. 

 

The strength of the brick/mortar composites obtained in this work (in the order of MPa) is above 

three orders of magnitude higher than the weak thin supramolecular polymer used for the interface 

(PBS, exhibiting strengths of ~0.5 kPa tested in tension at 50 mm/min). It approaches the stronger 

self-healing materials and is comparable with strong supramolecular polymers that need 

temperatures above 100 °C for healing. As shown in Figure 115, long bricks are able to promote 

strength, however, above a critical length of approximately 9.50-10 mm, the bricks will be prone to 

fracture as well, reducing healing efficiency to a maximum of ~60% (Figure 118). On the other 

hand, materials with brick lengths below the critical value are able to fully recover their strength 

after one to four days (recovering more than 90% in the first 24 hours). Furthermore, as expected, 

the composites are stronger when tested at higher rates, due to the shear-thickening nature of the 

interfacial polymer. 

Due to the self-healing nature of the interfaces, the strength and work of fracture can be fully 

recovered after closure without applying any external pressure or temperature. A fundamental part 

in this system is played by the capillary polymer bridges, which are able to impart a toughening 

mechanism to the composite and to heal the interfaces autonomously bringing the bricks together 

after bending even after very large deformations (as seen in Figure 114 and Figure 116). Another 

fundamental mechanism is represented by the crack deflection that occurs during bending, 

contributing to an increase of work of fracture of the material.  

In order to have a comparison to the theoretical data, the experimental work of fracture for the 

brick and mortar composite has been calculated by evaluating the area under the load vs. 

displacement curve, as reported by Clegg et al. in 1990[152] and associated to the brick h/w ratio. 
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Thick-brick composites (h/w=1/8):  

!! = !0.24!± 0.07!k!/!!! 

Thin-brick composites (h/w=0.14/2.5):  

!! = !0.14!± 0.05k!/!!! 

where for the values of the fracture area have been taken a minimum value corresponding to the 

cross-sectional area of the sample and a maximum area corresponding to the fracture area occurring 

in case of a brick structure symmetrically stacked. These values of work of fracture are in the same 

order of magnitude of the results obtained with the model described by Wilbrink et al. as reported 

in Table 10. These structures however do not reach the strength of the inorganic component, glass. 

 A design compromise has to be reached in order to simultaneously maximise strength, fracture 

resistance and healing efficiency. Furthermore, it has been shown previously, both in nature and 

synthetically, that properties such as strength and toughness can be altered not only via optimisation 

of the materials, but through optimisation of the design too. Mirkhalaf et al.[287] for example, show 

how it is possible to increase the toughness of glass of 200 times by laser etching crack propagation 

pathways that, upon fracture, will deflect the crack enhancing the properties of the material. This 

can be achieved through different shapes from curved to dove-tailed, replicating the structures used 

by nature to achieve materials with high strength and high toughness[278]. 

This mechanism can be observed also in the results obtained in this work: the measured stress-

relaxation reported in Figure 120, shows less relaxation for smooth interfaces if compared to rough 

ones. This behaviour could be attributed to the formation of much thinner interfacial layers in the 

case of smooth bricks. The presence of roughness up to 5 microns in fact might impair or limit the 

complete adhesion between the two substrates. Furthermore, thinning of the layer during relaxation 

will eventually stop the flow allowing the composite to retain its shape and strength under load. An 

important characteristic to be observed is that, due to the controlled interfacial sliding (supported by 

the stress relaxation results), failure is not catastrophic and the resulting work of fracture (Wf) is up 

to 120 times larger than that of glass. 

In a practical material, healing at microscopic level is essential and requires repair of microscopic 

defects created during fracture (e.g. due to the formation and coalescence of voids during crack 
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propagation through the organic interface). A shear-thickening polymer able to “flow” and create 

capillary bridges is able to promote structural recovery and heal defects without applying external 

pressure even after large deformations in a way that cannot be achieved with a reversible adhesive or 

a stiffer supramolecular material, as shown in Chapter 5. Results reported in Figure 117, highlight 

the capability of this model composite to heal autonomously and completely within one day. The 

healing is affected by both time (the longer the more healing) and brick length (the longer the less 

healed). This is due to the fact that healing is only promoted at the interfaces, therefore, the 

presence of more interfaces, allows for a faster and more complete healing (provided that the bricks 

have not fractured during testing). 

Nature engineers its “soft” interfaces at the chemical (bonding, rheology) and structural levels (e.g. 

thickness and roughness). It also manipulates structures at multiple length scales from molecular to 

macro levels using very simple components. Here it has been followed a similar path by using a 

model system with very simple components that provides guidelines, but is far from optimal. 

However, the results obtained help to prove that by mimicking nature’s strategies it is possible to 

open a new path towards the design of strong “ideal” self-healing composites that could use the wide 

palette of synthetic compounds to select optimum brick and mortar combinations.  

The use of different materials such as bricks stronger than glass and adhesives stronger than PBS, in 

the brick/mortar model, will surely alter the parameters of maximum strength in relation to brick 

ratio h/w, and further studies will be required to evaluate the properties of the optimal model. 

However a careful balance will be still important to allow full healing of the interfaces, as 

demonstrated in Chapter 5. 

It is useful to compare the performance of these simple model composites with current self-healing 

materials (Figure 124). The graph reports the values of strength for several self-healing materials 

reported in literature, against the temperature of healing. The healing efficiency is reported in the 

graph next to each point, shown as a % value. The values reported have been retrieved only from 

papers reporting all of the three parameters, and for this reason they are a limited number. The 

materials analysed include thermoplastics, fibre or capsule-reinforced polymers, hydrogels and 

supramolecular aggregates.  
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Figure 124: Strength vs healing temperature for self-healing materials from literature compared to the 

Glass/PBS composites on healing temperature, healing percentage and strength. The legend reports the 

references mentioned in the text.  

Self-healing thermoplastics or fibre-reinforced composites exhibit the highest strengths (from tens to 

hundreds of MPa) and their healing times range from between hours to a few days[37]. Composites, 

usually made by the incorporation in a matrix of microspheres [47] or microfibers [49], present good 

mechanical properties, and the ability to heal at room temperature. However, they do not allow 

multiple healing in the same spot, as the healing agent is exhausted and the reinforcement breaks. 

Furthermore, some of these materials still require heat to recover above 45% of the virgin 

strength[10]. Thermoplastics instead[21, 22], have good mechanical properties but can heal only 

with external stimuli such as heat or light[23]. Furthermore, often they cannot fully heal even with 

the application of temperatures as high as 150 °C[21]. Supramolecular polymers allow multiple 

healing due to their hydrogen bonded networks, or dynamic bonds, and can normally heal faster 

(tens to hundreds of minutes), but are generally weak and sometimes still need the presence of 

external stimuli such as heat or UV light[24, 37, 288] for complete healing, making the process not 
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autonomous. Recently self-healing hydrogels have also been tested, showing strengths of the order of 

kPa [55]. The brick/mortar composites fabricated in this work instead, show strengths up to 10 

MPa, can self-heal completely and autonomously and the process can be repeated multiple times.  

 

6.6 Conclusion 

In Chapter 5 it has been demonstrated the suitability of very thin PBS layers in between glass slides 

to form self-healing interfaces with autonomous character. In this work, those interfaces have been 

implemented in a very simple glass/PBS brick and mortar model system, still showing self-healing 

autonomous behaviour with healing times ranging between one to four days. This very simple 

model system shows flexural strengths of the order of MPa and it is able to completely recover its 

structural capabilities in a few days thanks to the shear-thickening character of the inorganic phase. 

The realisation of a brick and mortar structure with a controlled brick aspect ratio allows for the 

damage and fracture in bending to progress through the interfaces between the bricks, not damaging 

the inorganic building blocks. This design idea is fundamental for complete healing of the structure 

without requiring any external stimulus such as heat, light or pressure. Due to the shear-thickening 

nature of the soft organic PBS phase, the composite fabricated responds to faster testing 

displacement rates by hardening the whole structure, making it an appealing model-design for high 

impact applications where the structure needs to gain elasticity under impact and be able to flow 

and self-heal once the force is removed. The strength of the system in fact relies on the 

encapsulation of a “liquid-like” polymer able to behave in a solid-like manner under stresses and 

fracture propagation, and flow and fill the crack site at the removal of the stress. In this process, the 

formation of thin polymeric bridges is of fundamental importance to assure a complete, 

homogeneous and fast healing. The capillary forces exerted by these bridges are able to bring the 

structure together even after large deformations and without external pressure. Furthermore, despite 

the polymer acting as a fluid at low shears, the effect of creep can be contained thanks to the use of 

very thin interfaces and future designs should provide additional paths through the manipulation of 

the brick surface and shape (particular attention can be drawn to the work of Barthelat[287] on 

mechanical interlocking of glass platelets). One of the main advantages of the system is its high 

tailorability. This system in fact shows only a simple brick and mortar self-healing structure with 

structural capabilities. By using a stronger inorganic phase, by varying the brick structure, roughness 
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or shape, by modifying the organic soft phase to make it stronger and manipulate adhesion at the 

organic/inorganic interface, it will be possible to assemble stronger, ideal fully self-healing 

composites.  
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7 Organic/inorganic lamellar composites 

 

7.1 Introduction  

The complex structures and unique properties of natural materials such as bone or nacre have 

attracted much attention from scientists and engineers. Researchers have tried to reproduce the 

multi-scale structural arrangements of these materials in the design of new synthetic composites able 

to combine high strength and toughness with specific functional properties. For example, many 

attempts have been made to replicate the structure of nacre, the main component of inner shell 

layers in seashells. Nacre is composed of inorganic (CaCO3, ~98 vol.%) and organic layers arranged 

in a parallel lamellar structure[106]. Structural features such as the alignment of the lamellae, or the 

interface roughness together with precise engineering of adhesion at the organic/inorganic interface 

combine to provide physical properties such as high strength and toughness that can be up to 3000 

times larger than that of their main inorganic component. However, so far, bio-inspiration has not 

resulted in many practical developments. The difficulty lies in the development of processing 

techniques able to capture nature’s complexity.  

The main challenge for scientists trying to mimic nature is the ability to reproduce accurately 

enough the microscopic and macroscopic features of these materials in practical dimensions. 

Porosity for example represents an important feature that requires fine control. Pores in materials, 

and in ceramics in particular, have been viewed as a problem for many centuries, and techniques 

have been developed in order to impair the formation of pores in the making of ceramics. However, 

cellular ceramics have been shown to present several advantages such as being lightweight and good 

thermal insulators. Due to scientific advances in the controlled engineering of closed or open 

porosities, they can be used as filters or membranes or can be infiltrated with a second phase[289].  

As described in Chapter 1, many have tried to reproduce nacre-like structures by bottom-up 

approaches such as Layer-by-Layer deposition, managing however to achieve only materials a few 

microns thick[156, 157]. Far more scaled-up results have been obtained with a recently developed 

technique called freeze-casting. This technique in the last 10 years has provided encouraging results 

in the mimicking of natural lamellar structures[164]. Its functioning is based on the peculiar 

behaviour of water-based suspensions when frozen directionally, in fact, the ice formation in this 
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particular technique follows a lamellar pattern, forcing any particle inside the water to be “aligned” 

in the same direction. This technique is referred to as “ice templating” as well, as the ice is the base 

template forming the structure of the final porous material. With this potential in mind, it is vital to 

understand the importance of the fine control of pore size, shape and density. Freeze casting can 

present all of these fine tuning opportunities due to the versatility of the process and is furthermore 

amongst the environmental-friendly techniques as it utilises water as the main fugitive phase. Many 

research groups have therefore based their studies on the use and optimisation of this technique[70, 

182, 184, 276, 290-292]. The research on alumina lamellar composites is still ongoing since 

numerous problems still need to be addressed. One of the major problems relies in the control and 

reproducibility of the scaffold itself. Many researchers have focussed their attention on how to 

control dimensions and wavelength of the laminar structure[184, 185]. The freeze-casting technique 

generates scaffolds with random domains of lamellar alignment, instead of a single domain, possibly 

reducing the potential to obtain a structure similar to Nacre. Furthermore, a brick and mortar 

organisation of the ceramic micrometric plates is required in order to mimic the mechanical 

properties of biological seashells. This mimicked organisation would reproduce the toughening 

natural mechanisms and would lead to a denser material with very thin mortar layers.  

An issue to be aware of when producing composite materials is the interfacial adhesion between the 

organic and inorganic phases as discussed in Chapter 5. The presence of poor interfacial adhesion 

can lead to an impairment of the mechanical properties since it results in the delamination at the 

organic/inorganic interface (partially detrimental to strength)[161]. On the other hand, the strength 

of the adhesive needs to be carefully balanced depending on the application it is aimed at. 

The main aim of this chapter is to describe the work carried out on the design of a new family of 

composite materials by combining the freeze casting of ceramic scaffolds with the infiltration of 

selected organic phases and the engineering of the organic/inorganic interfaces at the molecular 

level. The control of the parameters involved in the production of ceramic scaffolds by freeze casting 

in order to reproduce the multi-scale structural features present in nacre represents an important 

step. Systematic structural and mechanical testing were to uncover the key parameters that govern 

the mechanical response. The goal is to use nacre as the inspiration to create tough and resistant 

composites able to self-repair after damage. To assess how the properties of the organic phase affect 

the response and what are possible fracture/toughening mechanisms, before self-healing polymer 

infiltration, several other soft phases were tested. Freeze-casting can be seen as a possibility to refine 
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the structure of brick and mortar materials in order to achieve thicknesses below the limits imposed 

for other techniques such as additive manufacturing or tape casting. 

 

 

7.2 Materials and Methods 

 

7.2.1 Sample Preparation  

As shown in literature by Munch et al. [185], the use of additives can alter both the structure and 

the walls’ surface morphology of the freeze casted (FC) samples. In this work, several additives were 

used. PVA was introduced in the ceramic slurries as a binder in order to improve the stability of the 

green body and to be able to handle it before sintering. Dolapix® was used for its ionic dispersant 

properties in order to obtain homogeneous particle dispersion in the solution. Interchangeably, 

sucrose, as both a binder and a surface modifier (expected to increase the roughness of the lamellar 

walls), and ethanol as a surface modifier (expected to decrease the roughness created by dendritic 

branching) were added to the suspensions.  

The technique of freeze casting was used, as described previously, for the solidification of alumina 

slurries. The slurries were prepared as described by Deville et al.[182] and Launey et al.[161] with 

the following formulation: 4% sucrose or ethanol (depending on the sample), 1.4% Dolapix® 

anionic dispersant and 1.4% Polyvinyl alcohol (PVA from Sigma-Aldrich) were added to a solution 

of 50 wt.% submicrometer alumina powder (Baikowski, Baikalox SMA6, 100% Alpha, particle size 

0.2 µm, specific surface area 6m2/g) in distilled water. The slurry was placed in a plastic Teflon 

container with alumina spheres of different diameters ranging from 0.5 cm to 2 cm and left milling 

overnight to obtain a homogeneous dispersion. The slurry was then degassed under vacuum for 1 h 

in order to avoid the interference of air bubbles in the nucleation and growth of ice and the 

formation of large pores. A squared-base Teflon mould was used to thermally insulate the 

suspension and to shape the final green body.  
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Figure 125: Freeze caster apparatus used in the process of directional freezing. The external chamber 

allocates liquid nitrogen for the cooling process and the internal chamber allocates the cold finger in an 

ethanol bath to encourage homogeneity of the temperature at the bottom of the cold finger.  

The mould was then positioned on the freeze caster (Figure 125) that was filled in the external 

chamber with liquid nitrogen in order to obtain a temperature of -150 °C at the bottom of the cold 

finger immersed in an ethanol bath in the internal chamber. The initial temperature was set to 20 

°C, the final one to -100 °C and the cooling rate was set to 5 K/min. The choice of freezing rate and 

loading content was based on work carried out previously in the group[293] where Walter et al. 

show the strong dependency on final pore size and lamellae thickness with the solid loading of the 

suspension and the cooling rate. In their work, carried out on alumina suspensions, they show an 

increase of pore width and thicker lamellae with the use of slower cooling rates (Figure 126). The 

choice to use a rate of 5 K/min in this work was based on the need to obtain thick lamellae to 

maximise the ceramic content and wider pores for easier infiltration of a second phase.  

In order to optimise the alignment of the lamellar domains, three techniques were used:  

• Freezing on polished copper plates 

• Freezing on micropatterned electrically insulating/hydrophobic tape (250 micron thick) 

positioned on copper finger with parallel channels of diameter ranging between 150-200 

micron and ~100 micron apart - obtained through sharp razor blade manual patterning.  

• Freezing in presence of an alternating (AC) field. 
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In all the cases the alumina slurry was prepared with the same components and amounts and the 

freezing speed was kept at 5 K/min. 

 

Figure 126: Freeze-casting cold-finger cooling rate in relation to freezing front speed, pore width and 

lamella thickness. a) The dependence of the freezing front speed on the cooling rate of the cold finger 

seems to be linear, showing proportionally higher freezing front speeds with higher cooling rates. The 

effect is shown to be dependent on the solid loading. b) and c) show respectively that for lower freezing 

front speeds, the thickness of the freeze-casted lamellae increases and a respective concomitant increase of 

the pore width. Adapted from[293]. 

 At the end of the process the frozen slurry was quickly removed from the mould and freeze-dried 

overnight (using a Labconco Freezone 4.5 lt, collector temperature -50°C, internal pressure 0.133 

mbar) to promote the evaporation of water leaving a fragile green body (shown in Figure 127 on the 

left) that was then sintered to provide strength and promote densification of the lamellae in the 

scaffold. The process of sintering was carried out in a front-loading sintering furnace and followed 

two ramps. The first one was set to reach a temperature of 1000 °C with a rate of 1 K/min and a 

dwell time of 60 minutes to eliminate organics. The second ramp had a set temperature of 1550 °C 
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to be reached with a ramp of 5 K/min and followed by a dwell time of 120 min. The sample was 

then left cooling down in the furnace until room temperature was reached. The final sintered 

scaffold is shown Figure 127 on the right. 

 

Figure 127: Alumina scaffolds obtained by freeze-casting technique with aligned lamellar structure and 50 

wt.% solid load content. On the left, green body before sintering. On the right, scaffold sintered at a 

temperature of 1550°C. 

For a number of samples, the freeze-casting procedure was carried out in the presence of an 

alternating electric field. Two metal plates were disposed at two parallel opposite sides of the Teflon 

mould containing the ceramic slurry. A transformer was used to increase the voltage of the field 

without varying the current. A sine wave generator was then used to generate the sinusoidal signal 

needed for the creation of the AC electrical field. The whole apparatus used is shown in Figure 129. 

The wave generator voltage was set to 20 V. At this voltage the resonant frequency of the 

transformer resulted to be 7.5 MHz generating a voltage of ∼ 800-1200 V. It was therefore obtained 

a field equal to ! = ∆!
! = !"##!

!!" = !""!
!∙!"!!! = 40!!!/! similarly to the results reported by Tang et 

al[294]. For the process the freezing speed used was 5 K/min. 

 

7.2.2 Spark plasma sintering 

Spark Plasma Sintering (SPS) allows the sintering of samples at high temperatures while 

compressing them uniaxially.  This technique was applied to a group of alumina freeze-casted 

samples with lamellar structure, in order to obtain a final denser brick-and-mortar structure. In 

order to avoid the sintering of the lamellae together it is important to insert a lubricant phase in 

between the lamellae resistant to high temperatures: in this case carbon was the fugitive phase used. 
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To allow the formation of carbon inside the structure a solution of pitch and pyridine was vacuum 

casted (using Buehler Cast n’ Vac Castable Vacuum System) in the pores of the structure and left 

under fume hood for 2 days for the solvent to evaporate. Different concentrations of pitch solution 

were used in order to investigate the effect of the amount of carbon on the final densities of the 

composites (solutions: 0.01 wt.%, 0.5 wt.%, 1 wt.%, 11.5 wt.%). After the solidification of pitch, the 

sample was thermally treated at 1000 °C for 1 h in argon atmosphere for pyrolization of carbon 

(polycondensation of aromatic compounds). The direction of alignment of the lamellae was marked 

in order to press the scaffold in the perpendicular direction to the alignment. The samples were 

placed in a graphite die covered in graphite paper, in order to allow electrical conductivity 

throughout the sample, and fully embedded in alumina powder.  

 

Figure 128: Graph reporting the cycle followed during the SPS showing temperature and force settings 

during the process. The force rises until 35 kN and is kept constant for approximately 17 minutes. The 

temperature is raised in 2 steps; first the chamber reaches a temperature of 1000 °C followed by a dwell of 

200 s and then a second ramp rises the temperature to 1550°C and it is kept constant for 400 s to allow 

the sintering of alumina.  

In Figure 128 the cycles used for the SPS of the samples are reported in terms of temperature and force 

applied. Three maximum temperatures (1550 °C, 1600 °C and 1650 °C) were used in order to quantify the 

effect of sintering temperature on the final density of the sample. 
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7.2.3 SPS samples, treatment and preparation 

After the samples were subject to SPS treatment, they were polished and cut into rectangular-section 

bars (cross-sectional area of 4.5±0.5 mm x 3.3±0.5 mm and length 22±2 mm) with a diamond slow 

speed saw for mechanical testing. The polishing procedure was carried out as shown in Table 11 on 

a Buheler EcoMet 300 with AutoMet 250 Grinder-Polisher, with the head speed kept at 

60 rpm for all the steps (D indicates Diamond). Steps 1 and 2 used fixed diamond abrasive paper, 

whereas steps 3, 4, 5 used different micrometric sizes abrasive diamond suspensions. The same 

polishing protocol was carried out for both SPS and lamellar samples. 

 

Table 11: Protocol for sample polishing. 

STEP Surface Abrasive Lubricant Force  
(per sample) 

Time 
(min:s) 

Platen Speed 
(rpm) 

Relative 
Rotation 

1 DGD  
41-5208 

70µm 
fixed D 

Water 6lbs Until even 250 Comp 

2 DGD  
41-5208 

30µm 
fixed D 

Water 6lbs 2:00 250 Comp 

3 UltraPad 9µm 
Metadi 

 6lbs 5:00 200 Contra 

4 Trident 3µm 
Metadi 

 6lbs 15:00 200 Contra 

5 Trident 1µm 
Metadi 

 6lbs 5:00 150 Contra 

 

After polishing, the samples were heated in air up to 1250°C in order to burn off the carbon 

remaining between the lamellae. A heating rate of 1 °C/min and a slow cooling rate of 5 °C/min 

were used to avoid cracking. Densities were measured using Archimedes method in water. 
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7.2.4 Polymer infiltration 

Polymer infiltration was carried out on lamellar scaffolds both as freeze-casted and subject to SPS 

treatment (after the burn-out of pitch). Studies were conducted on the infiltration and radical 

polymerization in situ of two monomers: Divinylbenzene (DVB) and Buthyl Methacrylate (BMA). 

The two resultant polymers were chosen in terms of their mechanical properties: the pBMA has the 

properties of a softer polymer whilst the pDVB shows a brittle more solid phase behaviour. The aim 

was to compare the influence that these two different phases would have had on the final 

mechanical properties of the bioinspired nacreous structure and to optimize the infiltration process. 

The procedure of infiltration [295] and polymerization is described below.  

Alumina scaffolds were left under vacuum, by using a vacuum caster (Buehler Cast n’ Vac Castable 

Vacuum System), for 5 minutes. In the meantime, in a glass flask of 10 ml, monomer (Butyl 

methacrylate Sigma-Aldrich 99% and Divinylbenzene Sigma-Aldrich 85%) and radical initiator 

(AiBn 98% Aldrich) were mixed under nitrogen bubbling for 5 minutes. The solution was then 

vacuum-infiltrated in the scaffold and left under vacuum for other 2 minutes to make sure all the 

pores were infiltrated. The vial containing the sample immersed in the solution was then left in an 

oil bath at 70 °C for 5 hours, until complete polymerization of the solution. The samples were then 

left in fume hood for a week for complete evaporation of the remaining monomers. The samples 

obtained were composed of a mixture of either 100% DVB, 100%BMA or a 50:50 DVB:BMA ratio. 

The 50:50 DVB:BMA composition was obtained by direct mixing of the two monomers in equal 

parts and subsequent in situ polymerisation.  

 

7.2.5 Mechanical Testing  

Mechanical tests for strength and toughness calculation were carried out on freeze-casted samples 

shaped in bars of ~2 cm length and 2 - 4 mm thickness in three and four point bending. 

Displacement rate used was 1 mm/min. In situ tests on crack propagation were carried out in the 

SEM in three point bending. Samples analysed were a set of four (with five repetitions for each 

sample), including empty freeze-casted alumina scaffolds and alumina freeze-casted scaffolds 

infiltrated with the three different polymers and a second set of four where the samples were 
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subjected to the SPS procedure (initially infiltrated with 0.5 wt.% pitch solution) and subsequently 

infiltrated as for the first set. 

7.3 Results: Architecture control 

The control of the structure at multiple length scales from nano- to macro-levels is one of the most 

important parameters to consider in the process of scaffold production. This is due to the fact that 

it represents one of the main factors contributing to the mechanical properties of the final material. 

As mentioned above, several attempts have been made in order to achieve organised and parallel 

lamellar structures and to obtain reproducibility of the process. Lamellar structures are easily 

obtained through the use of the freeze-casting technique, however they usually show randomly 

oriented domains in the direction perpendicular to the ice front growth. In this part of the project 

several steps forward have been made towards a reproducibility of the complex lamellar structure in 

a single-domain orientation.  

 

7.3.1 Electric Field 

The results given by the application of an AC electric field to the slurry during freezing, seemed 

promising, showing partial central alignment of the lamellae. The first results are shown in Figure 

129, where SEM micrographs have been taken for two different samples under the influence of the 

electric field described above. 

 

Figure 129: SEM micrograph of alumina freeze casted structures under the influence of an AC electric 

field of 1000 V and 7.5 MHz showing partial central alignment. The structures were frozen at a rate of 

5°K/min. 
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Figure 130: Apparatus for alternating electrical field application during the process of freeze casting: 

transformer, Teflon mould with metal plates (anode and cathode), sine wave generator. 
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7.3.2 Cold Finger Patterning 

Results from the micro-channels mould optimization are shown in Figure 131, where the SEM 

micrographs of 2 different samples obtained via channels nucleation are reported.  

 

Figure 131: Top view SEM micrographs of aligned and non-aligned alumina freeze-casted samples. a) and 

b) aligned scaffolds obtained via micrometric parallel channels on insulating substrate on cold finger. c) 

and d) non-aligned samples obtained by freeze-casting on plane copper plate.  

It can be observed in the image that there is visible alignment in both the samples (a and b) 

generating almost a continuous and single domain throughout the whole section of the sample. 

This however does not occur when the freeze casting is performed on polished copper plate alone. 

In order to carry out a numerical analysis of the results, three different samples obtained by the 

freeze-casting on polished copper plate, by using alternating field applied to the mould during freeze-

casting and by surface patterning were produced. The samples were cut parallel to the freezing front 

and polished as specified in Table 11. Densities were calculated via Archimedes principle and 

resulted to have a value of 1.4 ± 0.1 g/cm3; the total porosity was calculated to be 65±4%, of which 

the open porosity was calculated to be above 93% opening up the possibility for optimal infiltration. 

SEM pictures are reported for the three techniques used. In order to measure the homogeneity of 
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the domains, and therefore the degree of alignment in a sample, a main axis was assigned to each 

sample based on the preferential alignment of the domains. The larger amount of surface area 

covered by a single alignment assigned the direction of 0° orientation to the main axis. For all the 

images, a parameter of domain size was calculated. All of the domains were graphically highlighted 

in different colours in order to distinguish the orientations. The average domain size (ADS) was 

calculated in percentage with respect to a value of 100% surface analysed and reported in Table 12 

with the standard deviation calculated on the repetitions of the results. 

Table 12: Average domain size calculated for three different freeze-casting methods reported in percentage 

of the total surface area and with relative standard deviation. 

 Polished copper plate Electrical alternating field Tape patterning 

ADS (%) 2 ± 2 10 ± 4 20 ± 5 

 

In Figure 132, Figure 133 and Figure 134 three of the SEM micrographs of the samples obtained 

with the three different methods are shown as an example of the analysis performed. It is possible to 

notice how the sample obtained by having a flat, polished surface in contact with the suspension, 

creates random domains of alignment, oriented in different directions (Figure 132). 

 

Figure 132: SEM cross-section picture of a freeze-casted sample obtained on a polished copper plate as a 

nucleation substrate. Freezing direction normal to the picture.  The image has been coloured accordingly 

to the domain direction. It is possible to observe how this method produces random domains not aligned 

between each other.  
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Figure 133: SEM cross-section picture of a freeze-casted sample obtained by using an electrical alternating 

field during the freezing process. Freezing direction normal to the picture. The colours, showing the 

directions of alignment for each domain, highlight a partial alignment of the structure due to the 

methodology used to obtain the sample. Direction of the field marked by the arrow. 

 

 

Figure 134: SEM cross-section picture of a freeze-casted sample obtained by using a patterned insulating 

tape on the cold finger. Freezing direction normal to the picture. The colours, showing the directions of 

alignment for each domain, highlight a partial alignment of the structure due to the methodology used to 

obtain the sample. 
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7.3.3 The effect of additives 

As previously mentioned, several additives were used during the process of freeze-casting and mixed 

in the ceramic suspension in order to obtain better dispersion and stable green bodies. Ethanol and 

sucrose however were added to the slurry in order to modify the surface of the lamellae. As 

mentioned in Chapter 1, roughness in natural materials is supposed to play an important role in the 

material’s toughness, particularly when talking of Nacre. The samples for this study were prepared 

by freeze-casting a ceramic alumina slurry containing either 4 wt.% of sucrose or 4 wt.% of ethanol. 

The samples produced showed differences both in roughness and in lamellar thicknesses as shown 

in Table 13. While the addition of sucrose generates lamellae with thicknesses of the order of 12 ± 2 

μm, the addition of ethanol has been found to increase the thickness of the lamellae to 30 ± 5 μm. 

Furthermore, the presence of ethanol over sucrose has proved to alter the lamellar wavelength to 70 

± 10 µm from 40 ± 10 µm (obtained with sucrose as an additive). In Figure 135 examples of the 

samples obtained with these two additives are shown. It is noticeable from the pictures how, while 

the addition of sucrose generates a rough surface with a high density of bridges between the 

lamellae, the addition of ethanol creates a much smoother surface, reducing the visible surface 

asperities. 

 

Figure 135: SEM micrographs showing the effect of sucrose and ethanol as additives in the freeze casting 

process. a) The addition of sucrose creates a rough surface with a high density of bridges whereas b) 

ethanol drastically reduces the roughness of the surface. Furthermore the wavelength (characteristic 

distance from the centre of one lamella to the next) is increased by the addition of ethanol. 

 



 

248 

 

 

Table 13: Effect of the additives used during freeze-casting on lamellar thickness, wavelength and surface 

roughness. Calculations and errors were obtained over 5 samples produced with the two different 

additives. 

 4 wt.% Sucrose 4 wt.% Ethanol 

Lamellae Thickness 12 ± 2 μm 30 ± 5 μm 

Surface Roughness Rough Smooth 

Wavelength 35 ± 10 μm 65 ± 10 μm 

 

Figure 136 shows a detail of the sucrose-modified surface of alumina freeze-casted scaffolds. In the 

figure it is visible the presence of a characteristic denditric roughness as described by Deville et 

al.[182]. 

 

 

Figure 136: SEM image of surface in freeze-casted alumina scaffolds obtained with sucrose as an additive 

and with a freezing rate of 5 K/min. 

Considering the need to increase the toughness in the final composites, only samples with sucrose 

as additive were chosen for further experiments. A small set of samples obtained with ethanol as an 

additive were subject to SPS sintering in order to evaluate the differences of the final structures. 
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7.3.4 Brick and mortar structure 

Another important advantage that nacreous structures ensure, compared to synthetic structures, is 

the organisation in a high-ceramic content brick and mortar structure. As explained in Chapter 1, it 

has been previously shown in literature[127, 161] how highly important for the improvement in 

mechanical properties, such as toughness and crack resistance, is a highly dense ceramic structure 

organised in tiles glued together by a polymeric phase. An important aspect of the nacreous 

structure consists in the high content of ceramic in the material. In order to obtain a denser 

structure, in synthetic ceramic materials, there are two routes: increasing the wt.% of alumina in the 

initial suspensions or compressing pre-fabricated scaffolds. The first route proved to be difficult, 

since the increase in solid loading rendered the production of a lamellar structure more difficult. 

Therefore several attempts were made to obtain denser structures in a brick and mortar 

configuration by using the SPS technique on the samples.  

The resulting structures after the SPS were 75-92% dense depending on SPS temperature and pitch 

infiltration (with densities reaching values of up to 3.70 g/cm3). The values of open porosity reached 

only 60-70% of the values of total porosity, making the complete infiltration of the structures with a 

secondary phase more difficult. In Figure 137, the structures obtained from the SPS processing are 

reported, showing the organisation in a brick and mortar structure as aimed in the project. In order 

to obtain optimal structures it was important to use highly aligned structures in this process, 

therefore only samples obtained via cold finger patterning were used. 

 

Figure 137: Cut surface (parallel to the freezing front) of alumina lamellar scaffolds produced via freeze 

casting and densified via the SPS procedure described in paragraph 7.2.3. As shown, a brick and mortar 

structure is obtained from the freeze-casted samples. Samples produced with an initial pitch content of 0.5 

wt.% (a) and 1 wt.% (b) before SPS. 
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In order to understand the difference made by lamellae roughness on the final SPS samples, some 

scaffolds were prepared with the use of ethanol. The structures obtained presented a higher porosity 

and the bricks showed a less evident alignment, due to the larger lamellae thickness. The brick and 

mortar structure, as shown in Figure 138, seems to be less evident in the samples obtained with 

ethanol. The structure is less regular and the bricks present no clear structuring. On the other hand, 

the use of sucrose showed highly aligned brick and mortar samples with low porosity and less 

defined bricks. For this reason, sucrose was preferred in the study as an additive over ethanol. 

 

Figure 138: SEM micrographs of freeze-casted samples obtained with sucrose (on the left) and ethanol (on 

the right) as additives after SPS sintering. Samples produced with an initial pitch content of 0.5 wt.% 

before SPS. 

 

Studies were moreover carried out on the SPS sintering temperature itself. Samples were subject to 

three different maximum temperatures: 1550°C, 1600°C and 1650°C. As shown in Figure 139, it is 

possible to notice a correlation between the relative densities of the final SPS scaffolds with the 

temperature of sintering. The densification, in fact, seems to be improved by an increase in the 

maximum temperature set in the SPS. With this method it was possible to vary the relative density 

from 75 to 90% simply altering the heating treatment. A separate study was conducted on the effect 

of pitch concentration infiltrated between the lamellae prior to SPS on the densification of the 

scaffolds. Figure 140 shows the results obtained for different pitch concentrations, different 

maximum SPS temperatures (1550 and 1600 °C) and different additives. 
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Figure 139: Graph showing the relative densities of the samples compared to the spark plasma sintering 

maximum temperature reached. It is possible to observe a correlation between an increase of the sintering 

temperature with an increase of the relative density of the samples. Samples produced with an initial pitch 

content of 0.5 wt.% before SPS. 

 

Figure 140: Graph showing the correlation between final densities of the scaffolds after SPS with the 

concentration of infiltrated pitch between the lamellae prior to the process. The results were analysed for 

scaffolds treated at different temperatures (1550 and 1650 °C) and with two different additives, ethanol 

and sucrose.  
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The graph shows how higher densities are obtained with higher temperatures of sintering, and how 

the use of sucrose or ethanol in this process alters the results: the process of densification, in fact, 

results more difficult when using ethanol as an additive. Moreover, lower initial concentrations of 

the fugitive phase of pitch result in higher densities as expected for sintering temperatures of 1650 

°C using sucrose, and subsequently lower porosities, making the process of complete polymer 

infiltration more complex to achieve. The opposite trend is observed for lower sintering 

temperatures of 1550 °C. 

 

 

7.4 Results: Polymer infiltration 

The SEM micrographs of the DVB infiltrated scaffolds are shown in Figure 141. The pictures show 

an almost complete infiltration of the pores. It is also evident how the absence of an interfacial 

functionalization creates points of weakness in the structure, leaving open spaces where cracks could 

propagate with ease. The problem of interface functionalization has already been analysed by Launey 

et al. and Deville et al. [127, 161] and explained in its importance in Chapter 1.  

 

Figure 141: SEM micrographs of alumina freeze-casted scaffolds infiltrated with polymerized 

Divinylbenzene (DVB). Polymer and ceramic are respectively indicated by number 1 and 2 on the right 

picture. The figure shows a lack of adhesion at the interface between the polymer and the ceramic, 

inducing delamination. 

 



 

253 

 

 

Figure 142, reports an SEM picture of a scaffold infiltrated with BMA and polymerized in situ. The 

image shows an improvement in the polymer filling and does not show interfacial delamination 

between polymer and ceramic. The infiltration appears to be homogeneous. In order to be able to 

understand the mechanical behaviour of these samples, several mechanical tests were carried out on 

both infiltrated and empty scaffolds and scaffolds subject to SPS treatment and densification. 

 

Figure 142: SEM micrographs of freeze-casted alumina scaffolds infiltrated with polymerized BMA. 

Polymer and ceramic are respectively indicated by number 1 and 2 on the right picture. The figure shows 

a better adhesion at the interface between the polymer and the ceramic if compared to the DVB SEM. 

 

SPS samples were subjected to infiltration process as well, however the homogeneous infiltration 

resulted more difficult due to the high amount of closed porosity in the samples and to the overall 

low porosity of the samples as well. SPS samples with and without polymer infiltration showed the 

same microstructure in the SEM and the same mechanical behaviour.  
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7.5 Results: Mechanical testing  

 

7.5.1 Flexural Strength 

Figure 143 shows fracture paths of the different alumina scaffolds infiltrated with the 3 different 

polymers used from left to right: p(DVB), p(DVB:BMA) 50:50 and p(BMA). In the three images it is 

possible to observe crack deflection preferentially around the bricks following the weakest path 

depending on the composition of the sample itself. The main toughening mechanism that seems to 

be occurring for pDVB infiltrated and p(DVB-BMA) infiltrated samples is crack deflection as visible 

on the left image. The sample infiltrated with p(BMA) has a crack path with still presence of 

deflection, however showing a further mechanism of polymer bridging, not visible in the first two 

samples (stronger evidence of this mechanism is provided in the discussion section). 

  

 

Figure 143: Optical images of typical open fractures obtained by 4-point bending of freeze-casted structures 

infiltrated with p(DVB), p(DVB-BMA) and p(BMA). The pictures show toughening mechanisms such as 

crack-deflection and brick pull-out, more evident for the p(BMA) infiltrated scaffolds. 

Table 14 summarises all of the values for flexural strength with corresponding standard deviation 

obtained for the different samples. It is possible to notice a big discrepancy between the flexural 

strengths of SPS and non-SPS samples. This is due to higher densities providing higher strength to 



 

255 

 

 

the material. It is possible to see that the flexural strength is increased between two and three-fold 

when passing from an empty FC scaffold to a scaffold infiltrated with polymers, higher strengths 

being achieved with the use of the “softer” pBMA polymer.  

 

Table 14: Values of flexural strength obtained for Freeze-Casted (FC) scaffolds and Freeze-Casted SPS 

scaffolds infiltrated with polymers pDVB and pBMA and a 50:50 blend of the two. The samples show 

differences with polymer infiltration, presenting higher strengths for samples infiltrated with BMA. 

However these differences are non-significant when comparing the SPS samples 

Sample Flexural Strength FC 

(MPa) 

Flexural Strength SPS 

(MPa) 

Empty Scaffold 14.2 ± 1.6 141 ± 6 

p(DVB) infiltrated 29.2 ± 1.5 139 ± 7 

p(DVB-BMA) infiltrated 30.6 ± 2.2 137 ± 6 

p(BMA) 39.4 ± 1.3 151 ± 9 

 

Table 14 shows the magnitude of these differences, highlighting the discrepancy in flexural strengths 

between highly porous freeze-casted structures and low porosities SPS scaffolds. It is also possible to 

notice how for freeze-casted structures the higher strength due to the polymeric infiltration is 

significant, whereas for SPS samples, these differences fall in the standard deviation range. Figure 

144 furthermore shows the typical stress/strain curves of the analysed samples.  
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Figure 144: Typical load vs. displacement curve of 4-point bending flexural strength test for FC, FC-DVB, 

FC-DVB/BMA and FC-BMA showing the differences in curve shape. While Freeze-casted samples 

infiltrated with DVB and DVB/BMA show a brittle behavior, the curve shown by scaffolds infiltrated 

with BMA shows a more ductile behavior. Finally, empty scaffolds show clear multiple fractures due to the 

separate lamellae breaking. 

 

 

7.5.2 Fracture Toughness 

In Table 15 the values of initiation toughness for FC structures and SPS structures have been 

reported. Figure 149, Figure 150 and Figure 151 show SEM micrographs of a crack propagating 

through three different samples, starting from the notch. The three samples are respectively FC-

DVB, FC-DVB/BMA and FC-DVB.  
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Table 15: Values of fracture toughness (KIC) obtained for Freeze-Casted (FC) scaffolds and Freeze-Casted 

SPS scaffolds infiltrated with polymers pDVB and pBMA and a 50:50 mix of the two. 

Sample Fracture Toughness FC 
(MPam1/2) 

Fracture Toughness SPS 
(MPam1/2) 

Empty Scaffold 0.6 ± 0.1 3.0 ± 0.5 

p(DVB) infiltrated 0.7 ± 0.1 3.1 ± 0.2 

p(DVB-BMA) infiltrated 0.7 ±0.1 2.9 ± 0.4 

p(BMA) 1.1 ± 0.3 3.5  ± 0.7 

 

7.5.3 Work of Fracture 

As reported by Livanov et al.[296], it is possible to obtain the work of fracture of a material by 

evaluating the area under the curve obtained during bending test. The equation used is:  

!! = !
!!"

2!(ℎ − !!)
!!!!!!!!!!!!!!(7.1)! 

where SLD indicates the area under the load displacement curve, b is the depth of the sample, h is its 

thickness and a0 is the initial notch length. The calculated results are shown in Figure 145.  

 

Figure 145: Work of fracture of Alumina/polymer freeze-casted composites and empty scaffolds. Average 

over 5 samples and relative standard deviation.  
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The results reported in Figure 145 show that the introduction of a brittle polymeric phase as an 

interlayer in a lamellar freeze-casted alumina scaffold lowers the values of work of fracture. However 

the samples obtained through the infiltration of a softer polymeric phase (pBMA) show the same Wf 

values as empty scaffolds if not partially higher.  

 

Several studies were made in situ to obtain insights on the toughening mechanisms of the composite 

materials. It proved to be difficult to obtain stable crack growth and having the possibility to obtain 

results of crack extension during the test. Figure 146 shows two consecutive images of an in situ 

three point bending carried out with Deben test rig at a speed of 0.1mm/min. At the first recording 

of the crack, still loading and subsequent ramp loading, the crack increased its length to almost 

2/3rds of the whole width of the sample. Figure 146 shows the initial crack formation, at 20 N, and 

the subsequent crack growth at 23 N. For each of the tested samples the maximum number of crack 

lengths it was possible to capture was three; insufficient for an appropriate study of toughening 

mechanisms in R-curve behavior. 

 

Figure 146: In situ tests taken in the SEM chamber with a mobile stage shown in Figure 42. The force 

increases from 20 N, where the crack starts to propagate, to 23 N (on the right) where the crack is 

expanded almost in the whole sample making it impossible to obtain results to generate an R-curve. 
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7.6 Discussion 

7.6.1 Domain manipulation 

One of the first attempts made to control the structure was the application of an electric field to the 

charged slurry during the freezing process. Water molecules present an accentuated polarity because 

of the disposition of the atoms of hydrogen on one side of the oxygen atom. This creates a 

permanent dipole susceptible therefore to the influence of electric charges or fields. For this reason 

the idea of subjecting the alumina suspension to electric fields was supposed to have an influence on 

the ice nucleation and structure. Several studies have been conducted in literature on the influence 

of electrostatic fields on the nucleation of ice [297, 298] and on the formation of freeze casted 

structures [294]. As demonstrated by Tang et al[294] using an electrostatic field of intensity 40 

kV/m the ice crystals growth results tilted of around 30°, and with it the ceramic lamellae, 

improving the orientation of the structure. However, the tilting of lamellae induces a variation of 

the wavelength; furthermore the tilted scaffold, increased the problems related to mechanical 

testing, and the mould used was relatively small because of the need of a homogeneous field 

through the whole sample. In the equations below is shown the dependency of the electric field (E) 

on the voltage applied (∆!) and the distance between the plates (d) in a capacitor with capacity (C) 

and charge on the plates (Q). 

! = ∆!/!     (7.2) 

! = !/∆!       (7.3) 

In this project it was studied the effect of alternating, instead of static, electric fields on the 

solidification of ice. An alternating field should promote an oscillation of the particles (provided the 

particles are charged) in the slurry on one dimension (towards the anode and towards the cathode, 

alternatively) and therefore direct the ice growth. The freezing process was carried out as described 

previously, with the difference of the presence of an alternating electric field. In Figure 130 it is 

possible to observe the apparatus used for the experiment. The encouraging preliminary results have 

brought to the on-going design of a more complex apparatus able to stand higher voltages and be 

variable in terms of voltage and frequency in order to record the structural changes dependent on 

the electric field parameters.  
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Considering the fact that the solution is not only made by water, in order to take into account the 

charge and the mobility of the particles, considering the Zeta potential of the whole ceramic 

solution, it is possible to use Smoluchowski’s formula [299]. 

! = 4!"
! !×!!!!!!!!!!!!!!!!!(7.4) 

In the equation, that relates the Zeta potential ! to the Electrophoretic mobility !, η represents the 

viscosity of the solution and ε the dielectric constant of the medium. ! can also be expressed in 

terms of particle speed ν, voltage of the field V, and the distance between the 2 electrodes 

generating the voltage L[300]. Therefore, re-arranging the terms of the equation above, 

! = ! !! !
= ! !! ∙ !!4!"!! !!!!!!!!!!!!(7.5) 

Using the dielectric constant of the medium as the one of water (ε=80 
!!∙!!
!!∙!") and the viscosity of the 

solution as ! = 100!!"# ∙ ! [301], and the zeta potential of an alumina slurry to be ~25 mV at 

neutral pH[302] the result can be expressed as: 

!
! !

= !1.6!(!!!!!!!!)!!!!!!!!!!!!!!(7.6) 

From this equation, defining the distance of the plates as the distance between the mould’s opposite 

faces, it becomes trivial to vary the parameters of speed and voltage in order to optimise the AC 

electric field to be used in the freezing process for different suspensions. 

In the last decade, research has been carried out on the alignment of the lamellae in freeze-casted 

structures by patterning the cold finger stimulating different ice nucleation and gradients along the 

copper plate. In order to induce the formation of an organized structure, several moulds have been 

created in order to induce a lateral gradient as shown in Figure 147. Some of the moulds used have 

demonstrated to have an influence on the structures[127]. However so far it has been proven 

particularly difficult to obtain samples with one orientation domain resembling nacre-like natural 

structures. For this reason one of the initial interests of this project was to design a mould and a 

plate in contact with the cold finger able to ensure a reproducible tailored lamellar structure with a 

single aligned domain. One of the first trials performed by Deville et al. [127] shows a partial 

alignment  in a concentric distribution of the scaffold as visible in Figure 147. 
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Figure 147: on the left: SEM micrograph of an alumina scaffold aligned concentrically as obtained in the 

work from Deville et al., by modification of copper plate mould to conical shape. On the Right: Examples 

of different mould used for previous studies in the attempt of inducing an alignment of the lamellar 

scaffolds. Adapted from [127]. 

 

The formation of aligned micro-channels carved on top of a thin (250 µm) thermally insulating 

substrate positioned at the bottom of the mould, in contact with the copper cold finger, was proven 

to affect the formation of domains in the directionally-frozen scaffold. This possibly created a 

structural thermal gradient on the bottom of the solution or induced the formation of bubbles and 

altered the ice nucleation step. Where the channels were carved, in fact, the slurry, and with it the 

water, was closer to the copper plate. It is suggested that these points reached, therefore, the 

nucleation temperature for ice slightly quicker that the rest of the tape, inducing a selective faster 

nucleation in the channels. Another possible reason for different ice nucleation could be attributed 

to the hydrophobic nature of the tape. Figure 131 highlights the outcomes of this procedure and 

shows the difference existing between freeze casting on polished copper plate (c and d) and on 

insulating grooved tape (a and b). Through the use of carved tape it is possible to obtain continuous 

single-domains throughout the whole sample. This characteristic is meant to modify the mechanical 

properties of the structures, avoiding points of failure and undesired weaknesses in the lamellar 

organization due to domains disposed at 90° between each other. Anisotropy in natural structures is 

often a bonus. More importantly, it permits optimal directional compression of the structures in 

order to fabricate brick and mortar scaffolds. 
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Figure 133 shows a typical structure obtained by freeze-casting of the alumina suspension whilst 

applying an alternating electrical field. In this figure it is possible to observe an improvement of the 

alignment if compared with simple freeze-casted structures (Figure 132). The alignment however is 

far from optimal. The average domain size (ADS) increases of almost 10% if compared to the 

previous method, however a unified domain is still not apparent. Figure 133 reports a typical SEM 

micrograph of a sample obtained by positioning onto the copper finger the patterned insulating tape 

as mentioned above. The results show much bigger domains and an average domain size ADS= 20% 

± 5%. It is possible to visually observe a more homogeneous alignment due to the patterning of the 

tape. In order to evaluate the ratio of aligned domains with respect to the axis chosen, to all of the 

domains was assigned a degree of orientation matching with the orientation of the lamellae. It is 

evident how the use of electric field or of the patterning method increases the directionality of the 

process, allowing for a more homogeneously oriented sample.  

 

Figure 148: Graph reporting the ratio of the total area covered by domains with different alignment. The 

measurement was carried out by choosing a 0° axis and measuring the size of the domains and the 

orientation diverging from this axis. Measurements were obtained graphically for three different kinds of 

samples obtained with the three different freeze casting techniques: no-patterning, electrical field and 

patterning. Errors account for ±0.01% on each value and are due to human measuring error. 
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The results shown for the use of additives such as ethanol and sucrose, are in accordance with the 

ones shown in the work of Munch et al., where, at different freezing speeds, the addition of ethanol 

consistently increases the wavelength of the lamellae in the ceramic scaffolds[185]. Furthermore here 

it is shown how the addition of sucrose increases the roughness of the lamellar surface (Figure 135) 

and a produces higher density of bridges, if compared to ethanol, which showed smoother surfaces.   

 

7.6.2 Mechanical properties 

In order to obtain brick and mortar structures, the samples, after freeze-casting were subjected to 

SPS. Very high ceramic densities were achieved, resembling the inorganic content shown in nacre-

like structures above 90 vol.%. However, the infiltration step carried out in SPS FC samples proved 

to be unfruitful due to the very reduced open porosity left for the polymeric phase (≈3 vol.% open 

porosity). For this reason, even though FC SPS scaffolds exhibit higher flexural strength than FC 

scaffolds, the mechanical properties of the SPS empty samples were comparable within the standard 

deviation to the SPS polymer infiltrated scaffolds. The Freeze-casted scaffolds, on the other hand, 

showed a three-fold increase in flexural strength after polymer infiltration. This is particularly 

evident when using a soft-polymeric phase (pBMA) providing a better infiltration and higher 

fracture toughness to the final composite (Table 15). The flexural strengths for the SPS scaffolds 

does not vary with state of infiltration and the samples result to be all in the range of 140 MPa ± 20 

MPa. These results are of the same order of magnitude of the ones shown by Launey et al. in 

2009[161] for a non-grafted brick/mortar composite made with alumina and PMMA. The results 

are however far from the typical flexural strength of bulk alumina, from 130 MPa to 380 MPa[303]. 

These values of flexural strength in the case of SPS structures are however partially higher than the 

values reported for Nacre in literature ~130 MPa[161]. 

While the values of fracture toughness for SPS structures are comparable to the ones reported in 

literature by Munro[303], the values of initiation toughness of FC structures range between 0.6 to 

1.1 MPam1/2, therefore being around half the values reported for Nacre, of about 2.1 MPam1/2 [161] 

and a third of the value of dense alumina, of about 3-5 MPam1/2. Different mechanisms of extrinsic 

and intrinsic toughening can be observed from the SEM micrographs of the samples under bending 

(Figure 149, Figure 150 and Figure 151). The first and most evident in the first two figures is the 

crack deflection through the planes. This mechanism forces the crack to follow a path different 
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from linear, theoretically increasing the toughness during the propagation of the fracture. Figure 

149 (right) furthermore, shows a lack of interfacial adhesion between the p(DVB) polymer and the 

ceramic, and a degree of surface roughness on the ceramic lamellae. This property favours crack 

deflection along the interfacial planes. On a micrometric length scale, the sample shows the 

formation of microcracks in the middle of the material and separate from the main crack (as 

pointed by the white arrows in Figure 149 middle).  

 

Figure 149: SEM micrographs of typical crack propagation on alumina freeze-casted aligned samples 

infiltrated with p(DVB). From left to right: progressive magnifications of the crack growth. Middle: 

arrows showing side crack opening. Right: micrograph showing lack of interfacial adhesion between bricks 

and polymer and no bridging. 

 

Figure 150 shows another toughening mechanism occurring during crack propagation: the brick 

pull-out. This mechanism increases the toughness of a material by dissipating energy of fracture on 

the interfacial sliding of plates on top of each other creating friction and, therefore, resistance to 

crack propagation. On the right it is possible to see both the polymer and the ceramic plates 

undergoing brittle fracture, and again, the lack of interfacial adhesion. 
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Figure 150: SEM micrographs of typical crack propagation on alumina freeze-casted aligned samples 

infiltrated with p(DVB-BMA). On the left, it is possible to see the full open crack with main mechanism 

being tiles pull-out (indicated by the arrows). On the right: close up of the fracture showing brittleness of 

both polymer and bricks. 

 

Figure 151: SEM micrographs of typical crack propagation on alumina freeze-casted aligned samples 

infiltrated with p(BMA). From left to right: progressive magnifications of the crack growth. In the images 

it is possible to observe good interfacial adhesion between polymer and ceramic and polymer bridging 

behind the crack tip keeping the crack together. 

Figure 151 shows the behaviour under three point bending of crack propagating from the notch of 

an FC-BMA sample. The fracture shown is less tortuous than for the other two samples previously 

analysed, with a reduced mechanism of crack deflection, however it is possible to observe another 

extrinsic mechanism of toughening: polymer bridging. On the right hand side of the figure it is in 

fact evident how, behind the crack tip, polymer bridges form, keeping the structure together while 
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the ceramic plates are breaking in a brittle manner. It is particularly important to observe how the 

adhesion at the interface is much more homogeneous than in the other two composites, therefore 

not allowing an easy deflection path through the interface between the polymer and the ceramic 

components. This composite is the one showing the highest flexural strengths, possibly to be 

attributed to this stronger adhesion.  

It has been evident a difference in crack formation depending on the polymeric phase infiltrated. 

The scaffolds infiltrated with a hard polymeric phase (p(DVB)) tended to behave in a more brittle 

manner. The lack of interfacial adhesion allowed the propagation of the crack through the planes 

between the lamellar and polymer interface, generating high crack deflection mechanisms known to 

increase the toughness of a material. The scaffolds infiltrated with a softer polymeric phase 

(p(BMA)), instead, showed a more plastic fracture due mainly to the good adhesion at the 

polymer/ceramic interfaces and the presence of a polymer bridging mechanism shielding the crack 

tip from the applied stresses. The homogeneity of the results obtained for the SPS samples suggests 

that the very low porosity did not allow a proper homogeneous polymer infiltration in the scaffold, 

and did not permit the polymer to alter the final properties of the composite. Furthermore, the 

values of work of fracture calculated for BMA infiltrated scaffolds are two or three times higher than 

the values obtained for scaffolds infiltrated with DVB and DVB-BMA. The work of fracture in the 

case of BMA infiltration is similar if not slightly higher than the one of empty FC scaffolds. This is 

probably due to the fact that, in the case of brittle polymers, the work of fracture is not improved 

due to the brittle nature of the organic phase. Furthermore, the system DVB presents lack of 

adhesion (or poor adhesion) at the interface.  

Compared to the works of Bouville et al.[159], Launey et al.[161], Livanov et al.[296] and Munch et 

al.[70], the results of toughness obtained in this work are about comparable. However, it was not 

possible to measure any R-curve behaviour accurately, possibly because of the lack of the right tools 

and settings.  
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7.7 Conclusion 

As already mentioned in Chapter 1, the pursuit of research of bioinspired composites such as nacre-

like structures proved to be a difficult, yet rewarding, path. Many are the routes followed for the 

creation of synthetic composites imitating the behaviour of natural materials. Among those, the 

technique of freeze-casting (FC) was thought to be an effective method for mimicking the structures 

shown by natural materials such as nacre. In this section, the directional freezing of alumina 

suspensions has been used in order to obtain aligned lamellar scaffolds, with porosities ranging 

between 60% to 70% of the scaffold, and lamellar thicknesses ranging from 5 µm to 20 µm (both of 

these parameters can be optimised by the variation of solid-loading content and freezing speed). A 

method to obtain a homogeneously aligned lamellar structure has been developed in order to 

increase anisotropy of the structure (often a bonus in natural structures). Furthermore it has been 

possible to alter the surface morphology of these samples by varying the additive content, showing 

rougher surfaces with the addition of sucrose in solution and smoother surfaces with the addition of 

ethanol. Samples with rough surfaces were chosen due to their similarities to the natural structure of 

nacre. FC lamellar scaffolds were either infiltrated with different polymers varying from soft to hard 

ones, or subjected to spark plasma sintering technique and then infiltrated, in order to obtain a 

brick and mortar structure, with inorganic content above 80 vol.%, instead of a lamellar one and 

subsequently infiltrated. Mechanical and optical tests showed the differences in adhesion interfaces 

between the ceramic and the polymer phase and the different toughening mechanisms occurring 

during bending of the samples (bridging, microcracking and crack deflection). The lamellar samples 

infiltrated with the softer polymer showed higher flexural strength and fracture toughness, whereas 

the SPS samples showed homogeneously high results both for strength and toughness, but a brittle 

behaviour that can be attributed to an insufficient infiltration due to the little percentage of open 

porosity of these scaffolds (around 3%).  

Preliminary experiments were carried out on lamellar and SPS scaffolds infiltrated with a self-healing 

polymer, polyborosiloxane (PBS) (Figure 152). These tests showed no improvement on the 

mechanical properties of the empty scaffolds, both lamellar and SPS. No self-healing was reported 

for these structures, proving that a lamellar structure is not the optimal way to produce a load-

bearing self-healing composite, as, once the fracture propagates through the sample, the recovery is 
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equal to a very small fraction of the initial strength of the composite, the one due to the self-healing 

polymer solely.  

 

Figure 152: Fracture propagation in freeze-casted alumina sample infiltrated with PBS under three point 

bending. The formation of polymer bridges is evident in between the two fractures surfaces, however the 

bridges account for a negligible part to the final strength and toughness of the sample.  

 

The idea behind a truly self-healing composite has therefore to be found in inorganic brick and 

mortar ideal structures held together by a self-healing polymer showing a good adhesion at the 

interface, in order to promote the propagation of crack through the polymer itself instead of the 

interface or the bricks and allow full recovery of the initial properties. As hypothesized previously, it 

is therefore important the absence of mineral bridges in between the bricks, which would fracture 

during bending and not allow for a full recovery of the mechanical properties. Furthermore, 

according to these studies, the size of the bricks produced in the freeze-casted composites could be 

too small for optimum strength and toughness if compared to the thickness of the bricks themselves 

and of the polymeric layer. 
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8 Conclusions and Future Work 

This work has highlighted the importance of the role that the soft phase plays in organic/inorganic 

self-healing composites. The studies on both graphene composites and brick and mortar structures 

have shown how the careful confinement of a soft shear-thickening and self-healing phase into a 

superlight network or an inorganic stacked-brick structure allows for both complete healing and 

structural/functional capabilities. Bioinspired brick and mortar structures have been successfully 

assembled into a simple model composite showing strengths of the order of MPa and fracture 

energies 300 times higher than the ones of the inorganic phase. In addition, the structures show 

full, repeatable, autonomous healing after damage without the use of pressure or temperature. It has 

been demonstrated that, by encapsulating the same soft self-healing phase in a superlight graphene 

foam with microscopic porosity, it is possible to obtain functional composites able to sense pressure 

and flexion responding with a variation of conductivity. These composites show electrical 

conductivities of up to 100 S/m that can be almost fully recovered after fracture and complete 

autonomous healing (Figs. 2,3). It has moreover been shown that, for structural self-healing 

applications, the presence of inorganic bricks between platelets is detrimental to complete and 

autonomous healing of brick/mortar structures. For self-healing to occur efficiently, the inorganic 

component should not break, and the fracture should be allowed to propagate only through the self-

healing soft-phase. 

However, more work is still needed to fully implement complex natural designs into structural 

composites that will combine the ability to self-repair with the high strengths and toughness 

demanded by many practical applications and functionalities shown by sensing composites. In 

particular, two main approaches can be taken. Firstly, the optimisation of the inorganic component 

in both structures can be carried out. The use of the robocasting technique allows for the tailoring 

of the brick shape, roughness and type. The group of Francois Barthelat, for example, has been 

working on bioinspiration concepts based on nacre and fish-scales and developed toughening 

mechanisms applied to glass structures. In some of their works they show how the patterning of 

glass through laser etching (for example in hexagonally-shaped bricks) can impart higher toughness 

and flexibility to the structure[304, 305]. 

In particular, some preliminary work has been carried out during this project in order to understand 

two main concepts in the development of brick/mortar self-healing composites: the potential held 
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by additive manufacturing in the production of different-shapes bricks and different surface 

features, and the possibility to include a chromophore in the polymeric matrix in order to follow the 

stresses and crack progression during fracture of the material. The methods used and preliminary 

results obtained are discussed in the next paragraphs. 

 

 

8.1 Preliminary Results: 3D Printing/Robocasting 

Ceramic suspensions for additive manufacturing were prepared as follows: 38 g of Sieved alumina 

powder, with initial average particle size of 0.2 micron were dispersed in 21.5 ml of a 25 wt.% 

solution of Pluronic® F-127 (Sigma Aldrich) in water. Pluronic is a non-ionic block copolymer 

(polyethylene oxide-propylene oxide-polyethylene oxide) that exhibits gel-like behaviour at room 

temperature and liquid-like behaviour at low temperatures. The use of Pluronic in an ice bath, 

allows the solution to flow during preparation-mixing and printing and set after extrusion from the 

printing nozzle (chosen to be 200 µm - EFD precision nozzles, EFD, East Providence, RI, USA). At 

room temperature the block copolymers in the Pluronic solution are able to organise into micelles 

that stabilize the ceramic particles acting like a gelling agent. This is catalysed by the presence of 

hydrogen bonds between the water molecules and the –OH groups in the Pluronic. The degree of 

hydrogen bonding decreases at room temperature and this allows the stabilisation of the 

solution[277]. After preparation the solution was homogenized via planetary mixer (ARE 310 mixer 

THINKY, USA) for 5 minutes at 2000 rpm and for 3 minutes at 1000 rpm for removal of air 

bubbles. In order to ensure stable rheological response, the ink was prepared 24 hours prior to 

printing and kept at a temperature of 3 °C. The printing was carried out via Robocad 3.0, 3-D Inks, 

Stillwater, OK a robotic casting device with internal software for assisted deposition. The samples 

were printed in hexagonal shapes, as shown in Figure 153, and subsequently left drying in a 

ventilated oven for 24 h at 35 °C. 
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Figure 153: 3D printing of Alumina powder/Pluronic® solution in hexagonal bricks. 

After drying process, the bricks were sintered in an alumina crucible following a heat treatment at 

1°C/min until 500°C with hold time of 2h in order to burn off the organics and a subsequent step 

of 5°C/min until 1550°C with 1h hold time to allow complete sintering of the structure.  

 

Figure 154: Sintered 3D printed hexagonal alumina platelets. 

In order to reduce the times of preparation and at the same time increase the optimisation 

parameters of the brick and mortar structures (roughness, shape, waviness), several attempts were 

made at producing 3D printed bricks. The resulting structures are shown in Figure 155. The 

hexagonal shape was chosen in order to resemble the structures of the inorganic platelets formed in 

nacre, and the needle used allowed for the optimisation of surface roughness (grooves can be seen 

on the right hand side of Figure 155 and have dimensions ranging between 100-200 micrometers). 

The 3D printed structures underwent shrinkage following the sintering step, however maintaining 

the surface patterns. 
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Figure 155: Difference shown between 3D printed platelets as green body (average radius 3mm) and after 

sintering (average side length 2mm). The platelets after sintering present translucent behaviour (on the 

left) and retain the surface grooves created during the robocasting process. 

The platelets were mounted together with a thin PBS interface in an attempt to create nacre-like 

brick and mortar structures. However, both the drying step of the 3D printed green bodies, and the 

subsequent sintering step, contributed to significant curvature of the platelets, rendering the 

building blocks unusable for the building of brick/mortar structures as the stacking was not 

homogeneous. Two different sizes were produced, however the resulting platelets did not show 

significant differences in terms of structuring. Another attempt was made at using 3D printing, this 

time by using ABS polymer as the ink. The problems that arose from this attempt were due to the 

inaccuracy at small sizes of polymer melt 3D printers, and to the lower strength adhesion exhibited 

by the PBS on these surfaces.  

 

8.2 Preliminary Results: Incorporation of chromophore dye in PBS 

The particular dye used as an additive in this work is a chromophore. The word chromophore 

derives from the Greek word khroma (colour) and phoron (bearer) and it usually indicates the part 

of a molecule which is responsible for the colour of the molecule itself. Depending on the 

wavelength absorbed, the molecule will emit different wavelengths in the light spectrum. A number 

of chromophores can be grouped in the class of dyes, and can be used as addition to colourless 

compounds to alter their emission spectrum. Another interesting group of molecules takes the name 

of mechanophores. These particular molecules respond to mechanical stimuli by changing their 
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chemistry or internal organisation. These chemical reactions can be accelerated by the forces 

applied. Normally the reactions catalysed by mechanical forces result in chain scission. However, 

several researchers proved that mechanical forces can be used in molecules to activate a series of 

different processes [306, 307]. The reactions that can activate in the studied materials force-induced 

responses, can moreover cause variation of colour. Two potential mechanisms have been shown by 

Davis et al.[308] and by Lowe and Weder[309]. The first one uses reversible ring-opening reactions 

occurring under tensile stresses, changing the molecule’s colour from yellow to red. The second 

group, instead, focused their research on mechanically stimulated fluorescent chromatic changes 

originating from the π-π interactions in crystalline stacking of the molecule used (cyano-substituted 

oligo(p-phenylenevinylene)- Cyano OPV) that gives rise to excimer's emission. During 

intramolecular separation due to either mechanical or dilution stimuli, the molecules emit as 

monomers varying the colour of the compound they are dispersed in. Due to the different 

availability of molecules, relatively simple synthesis and quite sensitive response to concentration 

change, the cyano-OPVs were selected as mechanoresponsive dyes in this work. The idea behind this 

incorporation is to facilitate the identification of crack propagation and visualise the stresses even in 

more complex interfaces, created for example in brick and mortar assemblies. 

 

8.2.1.1 Synthesis)of)Cyano0OPVs)

The synthesis of the dye was obtained by following the work of Lowe and Weder as described in 

[310]. The dye chosen was the mechanophore 1,4-Bis-(α-cyano-4-methoxystyryl)benzene with the 

following chemical formula: 

 

An amount of 0.23 ml of 4-hydroxymethyl benzyl alcohol and 134.1 mg of methoxyphenyl 

acetonitrile, were dissolved in 9 ml of tert-butanol and 3 ml of tetrahydrofuran (THF). The solution 

was then heated at 40-50 °C. 22.4 mg of 0.2 mmol t-BuOK and 2 ml of 1M MeOH solution of 

BuNOH were added quickly to the heated mixture and stirred for 15 minutes at 50 °C. The 
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compound was then cooled to room temperature and poured into acidified methanol (1 drop of 

acetic acid in 50 ml MeOH). The precipitate formed was subsequently washed in methanol and 

dried in vacuum at 50 °C for 24 hours. From the synthesis a yellow brittle compound was obtained, 

as expected from the work by Lowe and Weder (Figure 156). 

 

Figure 156: Yellow crystals of 1,4-Bis-(α-cyano-4-methoxystyryl)benzene as synthesized. 

 

8.2.1.2 Optimisation)of)additive’s)concentration)

The compound obtained was easily dissolved in chloroform in different concentrations: 1/10000, 

5/10000, 1/1000, and 5/1000. An amount of 1g of PBS polymer was then dissolved in 1ml of these 

solutions and the solvent was subsequently evaporated to provide different polymers as shown in 

Figure 157 becoming fluorescent under UV light exposure. Different concentrations were evaluated 

in order to understand the optimal concentration for colour change under mechanical stretching. 

 

Figure 157: PBS polymer with dispersed (in different concentrations, increasing from left to right) of 1,4-

Bis-(α-cyano-4-methoxystyryl)benzene. 

Several DCB tests were carried out as shown in Figure 158, with cyano-OPV PBS as polymeric 

interface between two glass slides and a UV lamp set up to observe colour shift.  
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Figure 158: Setup of a DCB test in presence of UV light for chromatic shift during fracture of glass/PBS-

Cyano-OPV samples. 

As a result no variation was observed in the DCB samples upon crack propagation, nor during 

tensile stretching of the dyed polymer. These outcomes could be due to the low viscosity of the 

polymer, not allowing strong entanglement of the polymeric chains to the excimer structures and 

therefore not separating the crystalline aggregates and not inducing monomer emission with 

consequent colour change. Furthermore the very low thickness of the adhesive layer in DCB 

configuration might not have been sufficient to visualise the shift. 
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